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NANO / MICROSCALE VEHICLES FOR second opening of the tube , in which the two or more layers 
CAPTURE AND ISOLATION OF TARGET include an outer layer having a modifiable material capable 

BIOMOLECULES AND LIVING ORGANISMS of being functionalized , and a molecular layer formed on the 
modifiable material and including a ligand molecule , in 

CROSS - REFERENCE TO RELATED 5 which the molecular layer is structured to attach a target 
APPLICATIONS substance having a receptor site with a binding affinity to the 

ligand molecule , in which the two or more layers include an 
This patent document is a 35 USC § 371 National Stage inner layer including a catalytic material that reacts with a 

application of International Application No . PCT / US2012 / fuel in a fluid to produce bubbles exiting the tube from the 
023410 filed Jan . 31 , 2012 , which claims priority of U . S . 10 second opening to propel the tube to move in the fluid , the 
Provisional Patent Application No . 61 / 438 , 233 , entitled tube attaching the target substance during movement at a 
“ NANO / MICROSCALE MOTORS AND ISOLATION OF first location in the fluid and transporting the target sub 
TARGET BIOMOLECULES FROM COMPLEX stance to a second location in the fluid . 
SAMPLES ” and filed Jan . 31 , 2011 ; the entire disclosures of In another aspect , a method of using a tube to collect a which are incorporated herein by reference for all purposes . I target substance in a fluid , includes providing a catalyst 

STATEMENT REGARDING FEDERALLY material that is reactive to a fuel fluid on an inner wall of a 
SPONSORED RESEARCH OR DEVELOPMENT tube to generate bubbles that propel the tube in the fuel fluid , 

and using a molecular layer on the external surface of the 
This invention was made with government support under 20 tube to selectively collect a target substance in the fuel fluid . 

grant / contract CBET 0853375 awarded by the National The subject matter described in this patent document can 
Science Foundation ( NSF ) . The government has certain be implemented in specific ways that provide one or more of 
rights in the invention . the following features . For example , the described function 

alized nano / microscale motors can establish effective con 
BACKGROUND 25 tact and capture of target biomolecules and cells , e . g . , by 

functionalized surfaces of the micro / nanostructures having 
This patent document relates to systems , devices , and non - complex geometries . For example , the functionalized 

processes that use micro / nanoscale structures . surfaces of the micro / nanostructures can include ligand 
Separation and isolation of biomolecules can involve molecules , e . g . , single - stranded nucleic acid - based oligo expensive equipment and tedious processes . For example , 30 nucleotides . aptamers . antibodies , peptides , glycoproteins . 

microfluidic chips are microscale devices that can be used to other protein - based molecules , and other biomolecules . The separate and / or isolate molecules from a flowing fluid described nano / microscale motors can be programmed to involving manipulation of fluids within networks of chan scower an entire static sample as many times as needed . nels , e . g . , in a solid substrate . Microfluidic devices have Further , the movement of the disclosed nano / microscale been used in a variety of point - of - care ( POC ) devices to 35 motor can increase the solution convection and improve the implement various tests in many clinical applications . Bio diffusion of a target biomolecule , e . g . , enabling a faster , analysis techniques using microfluidic devices can include 
microscale valves and pumps , e . g . , to provide more precise more favorable recognition reaction . Nano / micromotors of 
metering of fluids . For example , the valves can be controlled the disclosed technology can provide biomolecule isolation 
by peripheral pumps that can cause bottlenecks of the fluid 40 in a clean environment and be utilized in many versatile 
sample in the microfluidic device , e . g . , limiting its effective implementations ( e . g . , the possibility of parallel / multiplexed 
uses in many POC diagnostics . capture and transport ) . For example , the disclosed nano / 

micromotors can reduce non - specific binding of a target 
SUMMARY biomolecule as it travels , e . g . , to a clean environment for 

45 post - capture analysis . Exemplary nano / microscale motors 
Techniques , systems , devices and materials are described can provide advantages of high speed and capture efficiency , 

for implementing functionalized micro - and nano - scale low cost , and small sample volume requirements in a variety 
structures for capturing and / or isolating targeted biomol - of biomedical and clinically relevant applications . For 
ecules and living organisms . example , the ability to selectively isolate individual cancer 

In one aspect of the disclosed technology , a device that 50 cells using the exemplary nano / microscale motors can be 
self propels in a fuel fluid includes a tube structured to utilized in many bioanalytical techniques and microchip 
include a first large opening and a second small opening that devices , e . g . , including food safety , biothreat detection , 
are on opposite ends of the tube , and a tube body connecting forensic analysis , and early stage tumor cell detection 
the first and second openings and having a cross section towards that can be utilized in cancer diagnostics applica 
spatially reducing in size along a longitudinal direction from 55 tions . 
the first large opening to the second small opening , in which 
the tube includes a layered wall which includes an inner BRIEF DESCRIPTION OF THE DRAWINGS 
layer having a catalyst material that is reactive with a fuel 
fluid to produce bubbles exiting the tube from the first large FIG . 1 shows exemplary schematic illustrations of the 
opening to propel the tube to move in the fuel fluid and an 60 disclosed microrockets for capture and isolation of target 
external layer formed of a material capable of being func - cancer cells . 
tionalized , and a molecular layer functionalized onto the FIG . 2 shows time lapse images of exemplary antibody 
external layer of the tube and structured to attach to a functionalized microrocket motion in human serum in 
targeted molecule in the fuel fluid . human serum . 

In another aspect , a device for transporting a target 65 FIGS . 3A and 3B show exemplary time lapse images of 
substance in a fluid includes a tube formed of two or more functionalized microrocket motion in buffer and in human 
layers with a first opening having a smaller diameter than a serum . 
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FIGS . 4A and 4B show exemplary illustrations of modi FIG . 22 shows exemplary images and an illustration of the 
fied and unmodified microrockets and time lapse images selective isolation of target proteins using exemplary 
demonstrating selectivity between cancer cells and the aptamer - modified microengines . 
microrockets . FIG . 23 shows exemplary images demonstrating aptamer 

FIG . 5A shows an exemplary overlay image demonstrat - 5 modified microtransporters functionality in different com 
ing isolation of a target cell in a mixture of cells by a positions of these complex biological fluids . 
functionalized microrocket . FIG . 24 shows images and schematics demonstrating 

FIG . 5B shows an exemplary compiled snap shot image exemplary data of the mixed binding aptamer ( MBA ) 
of antibody - modified microrockets after incubation in a modified microtransporters in the absence and presence of 
mixture containing both antigen - having ( green stained ) and 10 ATP trigger molecules . 
non - antigen - having ( blue stained ) cancer cells . FIG . 25A shows schematic illustrations of a nanoscale 

FIG . 6 shows an illustration of an exemplary fabrication bacteria isolation technique of that utilizes the movement of 
technique to produce microrockets of the disclosed technol lectin - functionalized microengines . 
ogy . FIG . 25B shows schematic illustrations of a functional 

FIG . 7 shows an exemplary image showing the viability 15 ization scheme involving the self - assembly of alkanethiols 
of cancer cells having carcinoembryonic antigen in buffer . and subsequent conjugation of the lectin receptor . 

FIG . 8 shows a schematic illustration of an exemplary FIG . 26 shows exemplary images demonstrating selective 
template - assisted technique to fabricate tubular microrock binding and transport of the bacteria to lectin - functionalized 
ets . microengines . 

FIG . 9A shows a schematic illustration of an exemplary 20 FIG . 27 shows exemplary images demonstrating the func 
tubular microrocket . tionalized microengines “ on the fly ” capture of target bac 

FIGS . 9B and 9C show scanning electron microscopy teria in samples such as drinking water , juice , and salt water . 
( SEM ) images of an exemplary silver wire and gold - plati - FIG . 28 shows exemplary images demonstrating the lec 
num microrocket . tin - modified microengines before and after navigation in a 

FIGS . 10A - 10D show exemplary images demonstrating 25 dissociation solution . 
propulsion of microrockets in a fluid . FIG . 29 shows exemplary images and an illustration of the 

FIG . 11A - 11C show schematic illustration of nucleic dual capture and transport capabilities of the lectin - modified 
acid - functionalized microrockets for target biomolecule or microengines . 
cell isolation and downstream analysis . Like reference symbols and designations in the various 

FIG . 12 shows optical images demonstrating the motion - 30 drawings indicate like elements . 
based target hybridization and isolation by exemplary 
nucleic acid - functionalized microrockets . DETAILED DESCRIPTION 

FIG . 13 shows optical images demonstrating the influence 
of hybridization time and target concentration on the uptake The techniques , systems , devices and materials are 
of exemplary fluorescent - tagged target DNA . 35 described for implementing functionalized micro - and nano 

FIG . 14A shows images that demonstrate the generation scale structures for capturing , isolating , and / or transporting 
of microbubbles thrusted out of the openings of the exem targeted biomolecules and living organisms in a fluid . 
plary microrockets . For example , the nano / microstructures of the disclosed 

FIG . 14B shows a data plot that demonstrates the exem - technology are capable of autonomous movement and pro 
plary effect of peroxide fuel on the DNA hybridization on 40 vide capabilities , e . g . , including pick - up and transport of 
the functionalized microrockets . targeted payloads . The disclosed engineered microstructures 

FIG . 15 shows exemplary images of the modified micro are also referred to in this patent document as microtube 
rockets propelling in the biological samples to isolate the rockets or microrockets , microtube engines or microengines , 
target DNA . microtube motors or micromotors , micromachines , micro 

FIG . 16 shows schematic illustrations and exemplary 45 tubes , and microcones . The disclosed engineered nanostruc 
images of the nucleic acid modified - microrockets imple - tures are also referred to in this patent document as nanotube 
mented in a device for capturing and transporting a target rockets or nanorockets , nanotube engines or nanoengines , 
from a biological sample zone to a characterization zone . nanotube motors or nanomotors , nanomachines , nanotubes , 

FIG . 17 shows a schematic illustration of capture and and nanocones . In some examples , the nano / micromotors of 
transport of circulating cancer cells in a blood sample by an 50 the disclosed technology can be engineered as immuno 
exemplary functionalized microrocket . nano / micromachines that can isolate cells and / or target 

FIG . 18A shows a schematic illustration of an exemplary molecules from complex samples in vitro in a variety of 
functionalized microrocket for capture and isolation of bac biomedical applications , e . g . , including drug delivery to 
terial rRNA . biosensing . In some examples , chemically - powered nano 

FIGS . 18B and 18C show exemplary time lapse images 55 motors and micromotors can be configured to move and 
demonstrating SHCP + MCH - modified microrocket propul pick - up / transport payloads in physiological conditions , e . g . , 
sion in lysate fluid samples . within environments having high ionic strength , such as 

FIG . 19 shows an exemplary illustration of a lab - on - a biological fluids . 
chip that employs the functionalized nano / micromachines to For example , target biomolecules can include nucleic 
capture , isolate , and transport a target substance . 60 acids , lipids , carbohydrates , peptides , proteins , enzymes , 

FIG . 20 shows an illustration demonstrating the selective hormones , antibodies , glycoproteins , glycolipids , organ 
pick - up , transport , and triggered release of target proteins elles , endotoxins , viruses , and other biological materials and 
based on aptamer - modified microengines . biomarkers . Exemplary living organisms can include cells , 

FIG . 21 shows an illustration demonstrating the isolation e . g . , healthy cells , cancer cells , bacterial cells , and other 
efficiency observed when mixing thrombin , biotinylated 65 types of cells . Exemplary fluids can include biological 
detection aptamer ( B - DA ) , and particles in one , two , and fluids , such as ( but not limited to , for example , such as ( but 
three step processes . not limited to ) aqueous humour and vitreous humour , bile , 
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blood ( e . g . , blood serum , blood plasma ) , cerebrospinal fluid , cancer cells . For example , an anti - CEA mAb - modified 
intracellular fluid ( e . g . , cytoplasm ) and extracellular fluid microrocket 110 can be functionalized to include anti - CEA 
( including interstitial fluid , transcellular fluid , plasma ) , monoclonal antibodies 102 on a microtubular engine 101 . 
digestive fluid ( including gastric juice and intestinal juice ) , For example , the microtubular engine 101 can include 
lymphatic fluid and endolymph and perilymph , mucus ( in - 5 Au - coated Ti - Fe - Au - Pt microtube engines , Au - coated 
cluding nasal drainage and phlegm ) , peritoneal fluid , pleural Ti - Ni - Au - Pt microtube engines , bimetal microtube 
fluid , saliva , sebum ( e . g . , skin oil ) , semen , sweat , tears , engines ( e . g . , Au - Pt microtube engines ) , or Au - coated 
urine , vaginal fluids , and bacterial lysates . Other exemplary polymer - platinum microtube engines ( e . g . , a polyaniline 
fluids can include non - biological fluids , such as ( but not ( PANI ) polymer in Au - PANI - Pt , Au Fe - PANI - Pt , and 
limited to ) , for example , pure water , salt - containing water , 10 Au - NI - PANI - Pt microtubular engines ) , as well as other 
sugar - containing water , juice , and oil - based fluids . configurations . The microtubular engine 101 can include an 

In one aspect , the disclosed technology can include cata - inner metallic layer ( e . g . , Pt ) that can catalyze a fuel and 
lytic , rolled - up nano / microtube rockets that are propelled by generate propulsion . The microtubular engine 101 can also 
the recoiling force of accumulated gas bubbles . These exem - include an exterior metallic layer ( e . g . , Au ) that can facilitate 
plary microrockets provide the capability to target , capture , 15 the functionalization of antibodies such as the anti - CEA 
isolate and transport molecules and cells , e . g . , which can monoclonal antibodies 102 , e . g . , by surface chemistry modi 
also enable downstream analysis . fication techniques . 

The ability to capture and study circulating tumor cells As shown in FIG . 1 , the exemplary anti - CEA mAb 
( CTC ) can have implications , for example , in early detec - modified microrocket 110 can autonomously move by facili 
tion , diagnosis , determining prognosis and monitoring of 20 tating the entrance of a fuel ( e . g . , hydrogen peroxide 
cancer , as well as for understanding the fundamental biology ( H , 0 , ) ) through the small radial opening of the microtubu 
of metastasis . The exemplary microrockets of the disclosed lar engine 101 . Catalytically - generated gas bubbles ( e . g . , 
technology can be implemented for in - vitro capture and / or oxygen microbubbles ( 02 ) ) can be formed and travel along 
isolation of circulating tumor cells in a static or stationary a sloped transition of the inner surface of the microtubular 
fluid . For example , the disclosed microrockets can be func - 25 engine 101 . The oxygen microbubbles can be ejected out 
tionalized with a ligand molecule ( e . g . , an antibody ) that can from the larger radial opening of the microtubular engine 
enable the capture of a targeted CTC having a receptor 101 , e . g . , which generates the force propelling the anti - CEA 
molecule ( e . g . , an antigen ) , in which an affinity exists mAb - modified microrocket 110 in the fluid . For example , 
between the ligand molecule and receptor molecule . For the fluid shown in FIG . 1 can be a biological sample , e . g . , 
example , antibody - functionalized microengine rockets can 30 blood , serum , urine , etc . The exemplary antibody - modified 
enable the capture of a target CTC based on a selective microrocket 110 can capture and transport at least one 
binding ability of attached antibody to the specific targeted cancer cell 104 among multitudes of other cells , e . g . , normal 
antigens of the CTC . The disclosed functionalized micro - cells 103 . For example , upon encountering target cancer 
rockets can capture a target CTC during self - propelled cells 104 in the biological fluid , the confined antibodies 102 
locomotion in a fluid , e . g . , a static complex biological fluid . 35 recognize the CEA surface antigens over - expressed on the 
For example , a fuel - driven bubble propulsion mechanism target cancer cells 104 . Recognition of the CEA surface 
can enable autonomous movement of the microrocket . The antigens by the anti - CEA monoclonal antibodies 102 can 
exemplary functionalities of autonomous movement and cell allow selective pick - up and transport of the cancer cell ( s ) 
capture and towing can enable effective cell capture and 104 by the anti - CEA mAb - modified microrocket 110 over a 
transport of cells , e . g . , cancer cells in serum . 40 preselected path . As shown in the illustration , these exem 

Exemplary implementations were performed to demon - plary antibody - modified microrockets continue to exhibit 
strate the described functionalities and capabilities of the efficient locomotion and a large towing force . 
disclosed antibody - functionalized microrocket technology . The top - right inset in FIG . 1 shows a schematic 150 
For example , the capture and transport properties of anti - illustrating the fabrication / preparation of the anti - CEA 
body - modified microrockets were shown to be highly spe - 45 mAb - modified microrocket 110 on a substrate 151 . The 
cific to target cancer cells having the corresponding anti - bottom - left inset in FIG . 1 shows a schematic 160 illustrat 
gens . ing the surface chemistry used for the functionalization of 

Exemplary microrockets were functionalized with an the anti - CEA mAb - modified microrocket 110 . Schematic 
antibody specific for antigenic surface proteins expressed on 160 shows the microtubular engine 101 modified with a 
particular cancer cells . For example , an anti - carcinoembry - 50 self - assembled alkanethiol monolayer 161 and an antibody 
onic antigen ( anti - CEA ) monoclonal antibody ( mAb ) can be hosting self - assembled alkanethiol monolayer 162 , e . g . , 
attached to the modified surface of an exemplary micro - which attaches the anti - CEA monoclonal antibodies 102 . 
rocket to form an anti - CEA mAb - functionalized micro - For example , conjugation of the anti - CEA mAb antibodies 
rocket . Exemplary anti - CEA mAb - functionalized micro - to the outer gold surface of the microtubular engine can be 
rockets were utilized in exemplary implementations for 55 accomplished through carboxyl - terminated groups of the 
capture and isolation of cells expressing the carcinoembry - antibody - hosting self - assembled alkanethiol monolayer 162 
onic antigen ( CEA ) . CEA is a glycoprotein involved in cell of the binary self - assembled monolayer ( SAM ) using exem 
adhesion , which is typically produced during fetal develop plary EDC / NHS chemistry . Exemplary fabrication and sur 
ment and stops production before birth . For example , CEA face modification techniques are described in further detail 
is not usually present in the blood of healthy adults , but can 60 later in this patent document . 
be found in cancer cells . CEA can be considered one of the For example , the disclosed functionalized microrocket 
most common antigens among cancer cells , being over - ( e . g . , antibody - modified microrocket 110 or other attached 
expressed in approximately 95 % of colorectal , gastric and ligands to a modified nano - sized or micro - sized structures 
pancreatic cancers . Cells having CEA are denoted as CEA + , such as microtubular engine 101 ) can be a device that self 
and cells not expressing CEA are denoted as CEA - 65 propels in a fuel fluid . For example , the device can include 

FIG . 1 shows exemplary schematic illustrations of the a tube structured to include a large opening and a smaller 
disclosed microrockets for capture and isolation of target opening that are on opposite ends of the tube . The exemplary 
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20 

( 1 ) 

ET 

tube body connects the first and second openings and can 320 ) shows the dynamic ' en route ' capture of the cell . The 
have a cross section that spatially reduces in size along a bottom time lapse image ( at t = 4 sec in images 310 and at t = 2 
longitudinal direction from the large opening to the small sec in 320 ) shows the subsequent directed travel of the 
opening . The exemplary tube includes a layered wall that cancer - cell loaded micromotor over a pre - selected path , e . g . , 
includes an inner layer having a catalyst material . The 5 without compromising the trajectory of the rocket move 
exemplary catalyst material can be reactive with a fuel fluid ment . The speed of the microrocket was determined to be 85 
( e . g . , a fuel within a fluid that can include water , salt - um / s in the serum environment ( FIG . 3B ) before cell loading 
containing water , oil - based liquid , biological fluids , etc . ) to and 80 um / s after cell loading . 
produce bubbles exiting the tube from the large opening . The A substantial force can be essential for transporting a 
exemplary produced bubbles ( e . g . , microbubbles ) can propel 10 relatively large cancer cell ( e . g . , ~ 16 um diameter cell ) . The 
the tube to move in the fuel fluid . The tube can also include disclosed antibody - modified microrockets can exhibit a 
an external layer formed of a material capable of being bubble recoiling propulsion mechanism capable of capturing 
functionalized , e . g . , gold or silver . The device can also and transporting such cells . For example , this can be shown 
include a molecular layer ( e . g . , a binary SAM layer formed by estimations of a velocity - dependent drag force of the 
by SAM 161 and SAM 162 that can attach a ligand mol - 15 microrockets , e . g . , using Stokes ' Law . For example , using 
ecule , for example , an antibody 102 ) that is functionalized Stokes ' law in Equation ( 1 ) , the force necessary to counter 
onto the external layer of the tube and structured to attach to a drag force ( F1 ) that a cell may experience at a constant 
a targeted molecule in the fuel fluid . The target molecule can velocity of one body length per second in the working 
be a nucleic acid , protein , or receptor on a living cell , among solution can be determined by : 
other substances . 

The effective motor propulsion can be maintained in F?buurv 
relevant physiological fluids , e . g . , in a variety cancer cell where u is the solution viscosity , r is the cell radius and v is 
sorting applications . For example , FIG . 2 shows exemplary the linear velocity of the cell ( e . g . , 16 um / s ) . Calculations 
images 201 , 202 , and 203 demonstrating the movement of using these exemplary values reveal that the following 
an mAb - coated microrocket in human serum . These exem - 25 forces may be needed to carry a large cell at a reasonable 
plary images 201 , 202 , and 203 show a long tail of speed in the different media , as shown in Table 1 . Table 1 
microbubbles ( e . g . , ~ 7 . 2 um radius ) , which are catalytically includes data showing forces necessary to carry a 16 um 
generated on the inner platinum surface and released from diameter cell in different media at 1 body - lengths . The 
the rear of the microtube , e . g . , at a rate of 14 bubbles / sec . In asterisk ( * ) in Table 1 indicates that the viscosity values 
this exemplary implementation , the human serum was 30 were taken at a room temperature of 20° C . 
diluted 1 : 4 to include the microrockets and hydrogen per 
oxide fuel . The exemplary conditions of the diluted human TABLE 1 
serum included a 7 . 5 % ( w / v ) H20 , and 1 % ( w / v ) sodium 
cholate . For example , the ejections of the microbubbles Medium u * ( CP ) Fa ( PN ) 
propels the microrocket in the diluted serum medium at a 35 Fuel solution containing 7 . 5 % ( w / v ) 2 . 5 2 . 5 
high speed , e . g . , ~ 85 um / s . In some examples , a sandwiched H2O2 in 1 PBS , 1 % ( w / v ) sodium 
ferromagnetic ( Fe ) layer of the microrocket can offers cholate 
convenient guidance of the rocket via tuning of the external Fuel solution containing 7 . 5 % ( w / v ) 1 . 14 2 . 8 2 . 8 

H , O , in 25 % ( v / v ) human serum , 1 % magnetic field direction . In this example , thickness of the Fe ( w / v ) sodium cholate 
layer can be further increased ( e . g . , three times the initial 40 Human blood 
layer thickness ) to facilitate more effective propulsion and 
navigation in such biological media . 
FIGS . 3A and 3B show time lapse images 310 and 320 of Stokes ' drag law for a cylinder can be used to determine 

exemplary functionalized microrocket motion in buffer and the propulsive force of an exemplary microrocket , e . g . , as 
in human serum , respectively . The exemplary mAb - func - 45 45 shown in Equation ( 2 ) . For example , it can be assumed that 
tionalized microrockets shown in images 310 and 320 can the rocket may experience drag as a solid cylinder ( e . g . , as 
selectively bind to target cancer cells and then effectively the fluid cannot freely flow through the oxygen - bubble 
transport them in the fluid . As shown in FIG . 3A , the time containing rocket and negating the slight 2 - 4° angle along 
lapse images 310 demonstrate pick - up and transport of a a the rocket , e . g . , approaching a cylindrical shape ) . 
CEA + pancreatic cancer cell by an anti - CEA mAb - modified 50 
microrocket in phosphate buffer saline ( PBS ) at 2 second 

2nul intervals . Conditions of this exemplary implementation 
included 1xPBS buffer ( pH 7 . 4 ) containing 7 . 5 % ( w / v ) 
H2O , and 1 % ( w / v ) sodium cholate . The exemplary CEA + 
cells shown in time lapse images 310 are accented using blue 55 
circles / parentheses . where R and L are the radius and the length of the micro 

As shown in FIG . 3B , the time lapse images 320 dem - rockets ( e . g . , 2 . 5 and 60 um , respectively ) . 
onstrate pick - up and transport of a CEA + pancreatic cancer For example , Table 1 shows a minimum force for trans 
cell by an anti - CEA mAb - modified microrocket in human at porting an exemplary large cell at 1 body - length / sec is 2 . 5 
1 second intervals . Conditions of this exemplary implemen - 60 PN . For example , an unmodified microrocket can move at a 
tation included human serum containing 7 . 5 % ( w / v ) H , 02 high speed of up to 2 mm / s in PBS media and exerting an 
and 1 % ( w / v ) sodium cholate . The exemplary CEA + cells exemplary force up to 250 pN . However , after the surface 
shown in time lapse images 320 are accented using blue modification with the antibody , the exemplary antibody 
circles / parentheses . The top time lapse image ( in both modified microrockets were shown to travel in the same 
images 310 and 320 ) at t = 0 sec shows the movement of the 65 bulk media at a speed of up to 150 um / s and generate an 
exemplary microrocket towards the CEA + cell . The middle force of - 18 pN . The exemplary antibody - modified micro 
time lapse image ( at t = 2 sec in images 310 and at t = 1 sec in rockets exhibit more than sufficient speed and force capable 
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of effectively transport large cells . It can be hypothesized rocket speeds in PBS and serum included shear stresses of 
that partial blocking may occur on Pt catalytic sites due to 2 . 3 and 1 . 7 dyn / cm² , respectively , as shown in Table 2 . 
the surface chemistry modification to attach the antibody . Other exemplary implementations were performed that 
This supposed phenomenon may account for this diminished demonstrate the specific binding of CEA + cancer cells to 
speed . 5 anti - CEA mAb modified microrockets . For example , the 

The exemplary modified rockets can exert a sufficient exemplary implementations involved interactions between 
force to transport large cells . In addition though , it can be anti - CEA mAb - modified microrockets and CEA + pancreatic 
advantageous that they do not apply a large shear force , e . g . , cancer cells ( e . g . , cells with CEA ) , interactions between 

anti - CEA mAb - modified microrockets and CEA - pancreatic which in some cases can prevent binding from occurring or 
disturb the viability of the captured cells . The shear stress 10 cancer cells ( e . g . , cells without CEA ) , and interactions 

between SAM - modified microrockets without the mAb and ( T ) exerted as a result of microrocket interaction with the CEA + pancreatic cancer cells . cell can be calculated based on the following Equation ( 3 ) : FIGS . 4A and 4B show time lapse images and illustrations 
of exemplary selectivity during the interaction and after the 

15 interaction between modified microrockets with the anti 
CEA mAb ( e . g . , illustration 401 shown in FIG . 4A ) and 
unmodified microrockets ( e . g . , illustration 402 shown in 
FIG . 4B ) . In FIG . 4A , the exemplary images 410 and 430 

where A represents the interaction area . Exemplary values of show the functionalized microrocket during the interaction 
the drag force applied by the anti - CEA mAb modified 20 with a pancreatic cancer cell , and the exemplary images 420 
microrocket to the carried cell are summarized in Table 2 . and 440 show the functionalized microrocket after the 
Table 2 includes data showing drag forces and shear stress interaction with the pancreatic cancer cell . Images 410 and 
applied to the carried cell as a function of the speed of the 420 show the exemplary functionalized microrocket inter 
anti - CEA mAb modified microrocket in different working actions with CEA + cancer cells ( seen inside the blue circle ) , 
media . The asterisk ( * ) in Table 2 indicates movement of the 25 and images 430 and 440 show the exemplary functionalized 
anti - CEA MAb - modified microrocket was in the bottom microrocket interactions with CEA - cancer cells ( seen 
plane . inside the red circle ) . In FIG . 4B , the exemplary images 450 

and 470 show the non - functionalized microrocket during the 
TABLE 2 interaction with a pancreatic cancer cell , and the exemplary 

30 images 460 and 480 show the non - functionalized micro 
Medium v , um / s F? pN T? , dyn / cm² rocket after the interaction with the pancreatic cancer cell . 
Fuel solution containing 7 . 5 % 150 18 . 1 2 . 3 2 . 3 Images 450 and 460 show the exemplary non - functionalized 
( w / v ) H202 in 1 ~ PBS , 1 % ( w / v ) microrocket interactions with CEA + cancer cells ( seen 
sodium cholate inside the blue circle ) , and images 470 and 480 show the Fuel solution containing 7 . 5 % 13 . 3 35 exemplary functionalized microrocket interactions with ( w / v ) H2O2 in 25 % ( v / v ) human 
serum , 1 % ( w / v ) sodium cholate CEA , cancer cells ( seen inside the red circle ) . Conditions of 
Fuel solution containing 7 . 5 % 45 5 . 7 0 . 7 the exemplary implementations included the use of 1xPBS 
( w / v ) H2O2 in 1 PBS , 1 % ( w / v ) buffer ( pH 7 . 4 ) containing 7 . 5 % ( w / v ) H2O2 and 1 % ( w / v ) sodium cholate * sodium cholate . The exemplary images shown in FIGS . 4A 

40 and 4B demonstrate that the capture of cancer cells can 
For example , the interaction area can be estimated as 2 / 3 occur through the specific antigen recognition capability of 

of the average cell diameter for the width , and 1 / 2 of the the functionalized microrockets , e . g . , as shown in images 
rockets circumference as the height ( 7 . 85 um ) . Exemplary 410 and 420 . For example , the exemplary anti - CEA mAb 
estimates can be based on visual observations that show a modified microrockets were capable of capturing the target 
slight cell deformation around the microrocket as it passes . 45 CEA + cancer cells . The exemplary images also show that 
For example , the average contact area can be 78 . 5 pm ? , and none of the control implementations were successful in 
the shear stress can be considered directly proportional to picking - up cancer cells ( e . g . , images 430 and 440 in FIG . 4A 
the force and ultimately to the rocket speed . The lower shear and images 450 , 460 , 470 , and 480 in FIG . 4B ) . The 
stress ( 0 . 7 dyn / cm2 ) induced by the anti - CEA mAb modified exemplary microrockets implemented in the control experi 
microrocket in the control experiments can ensure an 50 ments were also configured to move slower ( e . g . , average 
increase in binding affinity between the anti - CEA mAb speed of 45 um / s ) to provide a better opportunity to interact 
modified rocket and the CEA on the cell surface during with the cancer cell , e . g . , by minimizing the exerting shear 
pick - up . For example , once a cancer cell is captured by a stress ( e . g . , 0 . 7 dynes / cm2 ) and maximizing the rocket / cell 
anti - CEA mAb modified rocket , the interaction is strong interaction time . Interactions between the CEA + cancer cells 
enough for retaining the cell upon experiencing larger shear 55 and mAb - modified microrockets ( e . g . , illustrated in image 
stresses . 401 ) were further confirmed to be strong and specific , e . g . , 

For example , in the presence of diluted serum , the micro - by oscillating the pair vigorously using a magnet . 
rocket speed in the bulk solution was shown to drop to ~ 100 Exemplary implementations were performed to demon 
um / s , e . g . , which can reflect the increased solution viscosity . strate the ability of exemplary anti - CEA mAb modified 
Even at the exemplary lower speed of - 100 um / s , the 60 microrockets to identify and isolate target cancer cells from 
exemplary microrockets demonstrate sufficient force ( e . g . , a mixture of cells , e . g . , using a mixture of green fluores 
> 13 pN ) to overcome the additional drag force due to the cently stained CEA + and unstained CEA - cancer cells . FIG . 
capture of a cancer cell and transport of the cell over long 5 shows an exemplary overlay image 500 demonstrating 
periods ( e . g . , > 60 s ) . In some examples , lower microrocket isolation of a CEA + pancreatic cancer cell in mixture of cells 
speed can be advantageous for the cell capture and transport , 65 by an exemplary anti - CEA mAb - modified microrocket . 
as it can reduce shear stress and allow for sufficient antigen Conditions of the exemplary implementations included the 
antibody interaction . For example , the upper limit of the use of 1xPBS buffer ( pH 7 . 4 ) containing 7 . 5 % ( w / v ) H202 

100 1 . 7 

45 5 . 7 
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and 1 % ( w / v ) sodium cholate . For example , the overlay Fabrication of the exemplary microrockets can be imple 
images 500 was created from video images showing sequen mented using the described techniques . For example , for 
tial steps ( 1 - 5 ) of the movement of the exemplary anti - CEA exemplary Ti - Fe - Au - Pt microtube rockets , a positive 
mAb - modified microrocket in a solution containing both photoresist ( Microposit S1827 , Microchem , Newton , Mass . ) 
CEA + cancer cells and CEA - cancer cells . In FIG . 5 , CEA + 5 serving as a sacrificial layer was spin - coated on a silicon 
cancer cells are highlighted in blue circles , and CEA - cancer wafer at 3000 rpm for 60 seconds . The exemplary coated 
cells are highlighted in red circles . As shown in step 1 and wafer was baked at 115º C . for 60 seconds and exposed to 
step 2 of the overlay image 500 , the exemplary anti - CEA UV light with an MA6 mask aligner , e . g . , for 35 sec to create 
mAb - modified microrocket closely interacts with the CEA predefined patterns . The exposed patterns were developed 
cell , e . g . , hitting and displacing it to a different focal plane 10 using a MF - 321 developer , e . g . , for 90 seconds , and thor 

oughly washed with DI water . The exemplary metallic layers ( e . g . , due to lack of reaction ) . After such direct contact of Ti : 10 nm , Fe : 15 nm , Au : 5 nm and Pt : 10 nm were without picking - up the CEA - cell , the exemplary anti - CEA deposited sequentially using an e - beam evaporator under 
mAb - modified microrocket continues travel , as shown in high vacuum conditions ( e . g . , < 10 - 4 Pa ) . The e - beam sub 
step 3 of the overlay image 500 . The exemplary anti - CEA 15 strate holder was tilted to 50° in order to asymmetrically 
mAb - modified microrocket captures a CEA + cell ( shown in deposit metals on the patterns . Upon selective removal of the 
step 4 ) and transports the CEA + cell . In this example , the exposed photoresist layer using MF - 1165 ( Rohm & Haas , 
CEA + cell is tightly bound to the modified rocket . For Marlborough , Mass . ) , the exemplary prestressed metallic 
example , deliberate oscillations were performed to further layers self - assembled into microtubes . The exemplary 
validate the capture capability of the functionalized micro - 20 microtube rockets were washed and stored in isopropanol 
rocket . For example , selective binding was confirmed by before undergoing critical - point drying to maintain struc 
exposing the sample to a blue light ( e . g . , 460 nm ) , which can tural integrity . A thin ( ~ 60 nm ) gold layer was sputtered onto 
excite the CEA + cells stained with a green fluorescent dye the rolled - up microtubes to facilitate surface functionaliza 
( e . g . , step 5 ) . Exemplary CEA - cells are indicated by a lack tion , e . g . , with the antibody receptor through the assembly of 
of fluorescence while exposed to blue light , as shown in FIG . 25 alkanethiols . In this example , Au - coated Ti - Au - Pt micro 

tube engines and Ti — FeAu — Pt microtube engines hav 
Similar exemplary implementations were performed ing an exterior Au surface and interior Pt surface were 

involving the incubation of modified microrockets ( e . g . , produced . Other examples can include Au - coated Ti — Ni 
without fuel ) with a mixture of CEA + and CEA - cells that Au - Pt microtube engines , bimetal microtube engines ( e . g . , 
can further demonstrate the selectivity of mAb - modified 30 such as Au — Pt microtube engines ) , or Au - coated polymer 
microrocket ( e . g . , FIG . 5B ) . For example , FIG . 5B shows an platinum microtube engines ( e . g . , a polyaniline ( PANI ) 
exemplary image 550 compiled of snap shot images show - polymer in Au - PANI - Pt , Au - Fe - PANI - Pt , and Au - Ni 
ing exemplary anti - CEA mAb - modified microrockets after PANI - Pt microtubular engines ) , as well as other configura 
incubation in a mixture containing both CEA + ( green tions . For example , the diameter of the exemplary nano / 
stained ) and CEA - ( blue stained ) cancer cells . The exem - 35 microengines can range from 280 nm to 1 mm . For example , 
plary implementations shown in FIGS . 5A and 5B can nanoengines can be configured with a diameter substantially 
confirm the ability of the disclosed functionalized micro - 300 nm and a length substantially 3 um . For example , 
rockets to selectively recognize target cells ( e . g . , cancer microengines can be configured with a diameter substan 
cells ) in cell mixtures and demonstrate the potential of this tially 30 um ( e . g . , the smaller diameter ) and 50 um ( e . g . , the 
methodology for clinically - relevant applications . 40 larger diameter ) and a length substantially 150 um or 300 

Materials used in the exemplary implementations of the um . 
disclosed technology are described . For example , 6 - Mer - Modification of the exemplary microrockets can be imple 
captohexanol ( MCH ) , 11 - mercaptoundecanoic acid ( MUA ) , mented using the described techniques . For example , the 
N - hydroxysuccinimide ( NHS ) , 1 - ( 3 - dimethylaminopro external gold surface of the exemplary fabricated micro 
pyl ) - N ' - ethylcarbodiimide hydrochloride ( EDC ) and sodium 45 rockets was modified by an overnight immersion in a binary 
cholate ( NaCh ) were acquired from Aldrich . For example , mixture of 2 . 5 mM of MUA and 7 . 5 mM of MCH in absolute 
mouse anti - carcinoembryonic antigen ( CEA ) , Clone Col - 1 ethanol . For example , after washing with ultra - pure water , 
( 18 - 0057 ) ( anti - CEA ) , and Sybr Green II nucleus staining the exemplary microrockets modified with the resulting 
dye , and 4 ! , 6 - diamidino - 2 - phenylindole ( DAPI , nucleus mixed monolayer were treated with a solution of NHS ( 20 
staining ) were acquired from Invitrogen ( Carlsbad , Calif . ) . 50 mM ) and EDC ( 10 mM ) in ultra - pure water , e . g . , for 30 min , 
For example , bovine serum albumin ( BSA ) , human serum followed by an 1 hr immersion in a solution of 1xPBS buffer 
( from human male AB plasma ) , KC1 , Na2HPO4 , ( pH 7 . 4 ) containing 2 ug / ml of anti - CEA mAb . The remain 
K2HPO4 . 3H20 and NaCl were acquired from Sigma . Exem ing reactive groups of the activated monolayer were blocked 
plary reagents were used without any further purification . with 1 M ethanolamine ( pH 8 . 5 ) for 30 min . The exemplary 
Exemplary implementations were carried out at room tem - 55 microrockets were subsequently immersed in a 1 % ( w / v ) 
perature . For example , for tissue culture , 10 % fetal bovine solution of BSA in 1xPBS buffer ( pH 7 . 4 ) for 1 hr . Finally , 
serum ( FBS ) was acquired from Hyclone ( Logan , Utah ) ; the modified microrockets were washed for 60 s with 
sodium bicarbonate was obtained from Cellgro ( Herndon , ultra - pure water and resuspended in 1xPBS buffer ( pH 7 . 4 ) . 
Va . ) ; RPMI culture medium , penicillin / streptomycin , Exemplary incubation steps were carried out at room tem 
sodium pyruvate , L - glutamine , and MEM non - essential 60 perature followed by immersion in ultra - pure water for 1 
amino acids were acquired from Invitrogen ( Carlsbad , min . 
Calif . ) ; and EDTA powders were acquired from Fisher Exemplary microrockets without functionalization ( e . g . , 
Scientific . Other solutions employed included 1xPBS buffer modification with the mAb ) were prepared using the proto 
( pH 7 . 4 ) and 1 % BSA solution ( e . g . , prepared in the same col described above ( e . g . , with the SAM assembly , activa 
PBS buffer ) . Exemplary chemicals used were of analytical - 65 tion and blocking steps ) , but omitting the addition of the 
grade reagents , and deionized water was obtained from a anti - CEA mAb and carrying out the corresponding incuba 
Millipore Milli - Q purification system ( 18 . 2 M2 cm ) . tion in buffer ( without mAb ) . For example , it is noted that 
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the anti - CEA mAb - modified microrockets can be used to mixture of microrockets suspension ( 1 uL ) and sodium 
capture and transport CEA + cells if they are stored ( up to 2 cholate solution ( 1 % ( w / v ) , 3 uL ) was added to a freshly 
weeks ) in 1xPBS buffer ( pH 7 . 4 ) at 4° C . For example , it is cleaned glass slide . To this , 5 uL of suspended cancer cells 
noted that the exemplary Fe layer of the microrocket can be and 3 ul of H2O2 solutions were added ( final peroxide 
susceptible to the presence of HCl salt in EDC during 5 concentration , 7 . 5 % ( w / v ) ) . Exemplary microrockets trav 
activation of the COOH groups of the monolayer , e . g . , eling along the bottom ( glass ) surface can experience an 
which can render them non - magnetic . For example , the additional frictional force . These exemplary microrockets 
magnetic property of the exemplary microrockets can be were used in control and mixture experiments to increase the 
maintained by including approximately 3 times more Fe interaction time between the rocket and CEA - cells . For 
layer . This can allow for effective propulsion and proper 10 example , the exemplary microrockets were magnetically 
navigation of modified microrockets even in complex bio guided towards the CEA + and CEA - cells to evaluate and 
logical media . identify cell - microrocket interaction . Exemplary monitoring 

FIG . 6 shows an illustration of an exemplary fabrication of cell - microrocket interaction used , for example , a Nikon 
technique to produce microrockets of the disclosed technol - Eclipse TE2000S fluorescence microscope . Exemplary 
ogy . For example , the exemplary microrocket fabrication 15 video images were captured using CoolSNAP HOP camera , 
technique can employ photolithography and chemical pro - 20x objective ( unless mentioned otherwise ) , and acquired at 
cedures to produce functionalized microrockets , e . g . , with the frame rate of 10 using the Metamorph 7 . 1 software 
mAb . As shown in FIG . 6 , schematic 610 illustrates a ( Molecular Devices , Sunnyvale , Calif . ) . Exemplary snap 
process of exposing a photoresist layer on a surface 601 to shot images in static cell - capture studies on mixture samples 
produce “ rocket ' patterns 602 . For example , surface 601 can 20 were taken with a Delta Vision deconvolution microscope . 
include a silicon wafer having a deposited positive photo Other exemplary implementations were performed that 
resist layer that is exposed to UV light by a mask aligner to demonstrate the viability of the cells under the exemplary 
produce micro - and / or nano - scale “ rocket ' patterns 602 . conditions previously shown , e . g . , using the Trypan blue 
Schematic 620 illustrates a multilayer metal evaporation exclusion assay . An exemplary Trypan blue exclusion imple 
process performed at an angle , e . g . , at 50° angles , to form 25 mentation was performed to determine the number of viable 
deposited metal layers 603 to create a strain for a roll - up cells present in a cell suspension after exposure to the 
process into micro / nanoscale tubes ( e . g . , ‘ micro / nanorock - exemplary conditions used in the capture and transport 
ets ' of the disclosed technology ) . Schematic 630 illustrates implementations previously described . For example , cancer 
a sputtering process to form a layer , e . g . , a gold layer , on the cells were subject to PBS solutions containing various levels 
rolled - up micro / nanotube 605 , which can be subsequently 30 of the peroxide fuel . FIG . 7 shows an exemplary image 700 
chemically modified . For example , surface functionalization showing the viability of cancer cells having carcinoembry 
of exemplary micro / nano - rockets can be performed with the onic antigen in buffer . For example , CEA + cells were 
anti - CEA mAb receptor . Schematic 640 illustrates a self incubated in PBS solutions containing 1 % ( w / v ) sodium 
assembling process to form a binary self - assembled mono cholate and various concentrations of the peroxide fuel , e . g . , 
layer ( SAM ) interface on the surface of the rolled - up micro / 35 2 % ( w / v ) H , 0 , . After different incubation times , the cell 
nanotube 605 . For example , an MUAMCH - based binary suspension was mixed with the dye and then it was exam 
SAM interface can be produced by forming a MCH assem ined under a microscope to determine whether the cells take 
bly 606 and a MUA assembly 607 on the rolled - up micro / up or exclude the dye . The image 700 was acquired after 45 
nanotube 605 . Schematic 650 illustrates a process showing min of incubation . The exemplary arrows shown in image 
the conversion of the carboxylic terminal groups of the 40 700 indicate Trypan blue stained dead cells . It is noted that 
MUA assembly 607 to amine - reactive esters by the EDC and under all exemplary conditions assayed dead cells retained 
NHS coupling agents to form an amine - reactive MUA spherical shape ( e . g . , no cell lysis ) . The exemplary imple 
assembly 608 on the rolled - up micro / nanotube 605 . Sche - mentation resulted in over half of the cells remained viable 
matic 660 illustrates a process showing the reaction of for over 10 minutes at the 8 % peroxide level , and the 
NHS - ester groups with the primary amines of the anti - CEA 45 majority of the cells ( e . g . , > 90 % ) remained viable after 1 
mAb antibody 609 that yield stable amide bonds to form an hour immersion in a 2 % peroxide solution , as shown in 
antibody - functionalized micro / nano - rocket . Table 3 . Such time windows would allow for the retrieval of 

Exemplary cells used the exemplary implementations cells for subsequent analysis . Also noted is the ability of the 
were maintained and prepared , e . g . , using the described mAb - coated rockets to bind to dead CEA + cells or their 
techniques . Exemplary human pancreatic CEA - positive 50 cellular membrane fragments . Thus , the exemplary micro 
BxPC - 3 ( CEA + cells ) and CEA - negative XPA - 3 ( CEA - rockets can identify any CEA - expressing cell ( or other 
cells ) cell lines were maintained in RPMI - 1640 medium targeted antigen expressed ) regardless of the cell ' s viability . 
supplemented with 10 % fetal calf albumin , penicillin / strep Table 3 includes data showing viability of CEA + pancre 
tomycin , L - glutamine , MEM nonessential amino acids , tomycin , L - glutamine , MEM nonessential amino acids , atic cancer cells in the presence of PBS solution containing 
sodium bicarbonate , and sodium pyruvate . For example , 55 1 % of sodium cholate and various concentrations of H , O . . 
both cell lines were cultured at 37° C . with 5 % CO2 . Cells 
were prepared in suspension , e . g . , each cell line was TABLE 3 
detached following 20 min incubation in PBS ( without 
Ca / Mg ) containing 15 mM of EDTA . The exemplary cells H2O2 concentration , 
were then pelleted and resuspended in PBS with Ca / Mg . The 60 % ( w / v ) Viability Window 
viability of the cells was confirmed using a Trypan blue dye 50 % viable , 10 min 
exclusion assay . Prior to their fluorescent imaging , the 50 % viable , 22 min 
BxPC - 3 and XPA - 3 cells were nuclear stained in 1x Sybr > 90 % viable , > 1 h 

> 90 % viable , > 1 h Green II and DAPI solution , respectively . 
For example , exemplary microrockets functionalized with 65 

the anti - CEA mAb were isolated from the substrate surface Various implementations have been described for an 
and suspended in 1xPBS buffer ( pH 7 . 4 ) . For example , a exemplary in - vitro strategy for isolating cancer cells , e . g . , 

Nuo 
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based on the selective binding and transport ability of some configurations , an intermediate nickel layer can be 
mAb - functionalized microengine rockets . The exemplary included for magnetic navigation and cargo transport . 
microrockets can be functionalized with targeting ligands FIG . 8 shows a schematic illustration of the exemplary 
( e . g . , antibodies such as mAb ) for highly specific cancer cell template - assisted technique to fabricate microtube engines 
selection . The exemplary microrockets can provide suffi - 5 of the disclosed technology . The exemplary technique 
cient propulsive force for the efficient transport of the shown in FIG . 8 includes preparation steps using a silver 
captured target cells in fluids , e . g . , complex biological fluids . ( Ag ) template , e . g . , which can include electroplating of the 
Exemplary implementations were performed and described platinum ( Pt ) and gold ( Au ) layers , dicing of the coated wire , 
showing the capture of pancreatic cancer cells . The dis - and dissolution of the silver template . Schematic 810 shows 
closed technology can also be configured to capture , isolate , 10 the exemplary etching of Ag wire 811 , e . g . , using nitric acid 
and transport other cancer or healthy cell lines . The exem - to dissolve regions of the Ag wire 811 to form etched Ag 
plary microrockets can selectively capture and transport of wire 812 . Schematic 820 shows the exemplary deposition of 
tumor cells without pre - processing fluid samples , e . g . , platinum and gold layers to form a Pt - Ag wire 821 and a 
extracting CTCs from biological fluids and implementing Au - Pt - Ag wire 822 , respectively . For example , the Pt and 
the early diagnosis of cancer and its recurrence . The dis - 15 Au layers can be electroplated onto etched Ag wire 812 . In 
closed microrockets include autonomous transport proper - some examples , additional layers can be deposited over the 
ties enabling motion in viscous fluids , e . g . , serum . The Au - Pt - Ag wire 822 , e . g . , Ti - Au - Pt - Ag wires . The 
disclosed microrockets are capable of altering the nature of Pt - Ag wire 821 and / or the Au — Pt - Ag wire 822 can be 
interactions ( e . g . , by controlling shear stress ) , which can be diced into a desired length and dimension . Schematic 830 
implemented to increase the efficiency of viable cell sepa - 20 shows an exemplary diced electroplated Au — Pt - Ag 
ration processes . The disclosed microrockets can be microtube 834 , e . g . , having a concave geometry that remains 
employed in a system that includes a micromachine - based when Pt and Au are electroplated . Schematic 840 shows an 
cell manipulator and sorter , e . g . , which can incorporate exemplary Au — Pt - Ag microtube engine 845 , e . g . , after 
microchannel networks for creating integrated microanalyti - dissolution of the silver template . 
cal chip devices . For example , such exemplary microchips 25 For example , the described technique can allow detailed 
of the disclosed technology can be implemented for the control over the tube dimensions , geometry , or materials and 
active transport of multiple functionalized micromachines in hence upon the performance of the microengine . For 
a blood sample reservoir to induce numerous interactions , example , an optimal motor geometry can be selected based 
high capture efficiency and single - step isolation of CTCs . In on critical design considerations , e . g . , aimed at maximizing 
other examples , exemplary microchips of the disclosed 30 the intertial propulsion and minimizing viscous effects . The 
technology can be extended to applications including accu - disclosed template - assisted preparation technique and can 
mulating CTCs in a predefined ' collection area , e . g . , by be implemented to produce well - defined , bimetal conical 
detaching the captured cells under low - pH elution buffer microtube engines . Exemplary conical microtube engines 
combined with sonication . can operate , for example , by facilitating the entrance of a 

Fabrication techniques of nanoscale and microscale 35 fuel through the small radial opening , with a catalytically 
motors of the disclosed technology can include template generated gas bubbles traveling along a sloped transition and 
assisted fabrication of catalytic tubular microengines . ejecting out from a larger radial opening to generate the 
Microscale and nanoscale structures can be engineered to force propelling the engine . 

be capable of locomotion through fluid environments . For FIG . 9A shows an illustration showing the propulsion of 
example , synthetic micro - and nano - machines can locomote 40 microtube engine 911 in an ionic solution . In this example , 
through fluids , e . g . , by using catalytic reactions to create the microtube engine 911 can locomote by generating oxy 
forces based on chemical gradients . For example , chemi - gen microbubbles 912 electrocatalytically on the inner plati 
cally powered catalytic motors can exhibit autonomous num surface 913 , e . g . , in which the oxygen microbubbles 
self - propulsion , e . g . , in the presence of hydrogen peroxide 912 are ejected from the larger opening of the microcone 
fuel . The disclosed technology can include electrochemical 45 structure that propel the motor . For example , a peroxide fuel 
propulsion of bimetal ( e . g . , Au - Pt , Au — Ni ) microscale can enter the microcone structure of the microtube engine 
tubes through an electrokinetic self - electrophoresis mecha - 911 through the small radial opening 915 . The exemplary 
nism . For example , this exemplary propulsion mechanism peroxide fuel can undergo electrocatalytic decomposition on 
can operate the disclosed chemically powered catalytic the inner platinum surface 913 to produce oxygen gas that 
microscale tubes in low and high ionic strength aqueous 50 nucleates into bubbles , e . g . , forming oxygen microbubbles 
solutions . The disclosed technology can include template - 912 . The oxygen microbubbles 912 can travel along a sloped 
assisted processes to fabricate microscale tubes and cones transition and exit through the larger opening 916 of the 
( also referred to as microtube engines , microengines , micro - microcone ( e . g . , due to the pressure differential caused by 
tubes , microcones , microrockets , and micromotors ) , e . g . , the asymmetry of the size of the inlet and outlet openings ) . 
based on sequential electrodeposition of platinum and gold 55 The exiting oxygen microbubbles 912 can produce a force in 
layers onto an etched silver wire template , and followed by the opposite direction of the bubble ejection and result in 
dicing and dissolution of the silver wire template . axial movement of the microcone body of the microtube 

The exemplary template - assisted fabrication techniques engine 911 . 
can be implemented to produce synthetic bubble - propelled This exemplary oxygen - bubble propulsion mechanism of 
microengines . For example , the exemplary chemically pow - 60 the disclosed microengines can address ionic - strength limi 
ered motors can be prepared by plating a catalytic platinum tations exhibited by other nano - and micro - motor modali 
surface onto predefined silver wire templates . A gold outer ties . For example , the disclosed microengines can exhibit 
layer can be added to prevent bubble formation on the salt - independent movement , e . g . , including high - speed pro 
external surface . Also , a gold outer layer can enable func - pulsion in high ionic - strength medium ( e . g . , one molar salt ) . 
tionalization of the microengine , e . g . , facilitating self - as - 65 In other examples , magnetically directed movement and 
sembly of thiolated self - assembled monolayers ( SAM ) that transport of heavy cargo can be implemented through the 
can further attach ligand molecules or other structures . In deposition of an intermediate nickel layer . 
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FIG . 9B shows an exemplary SEM images 920 of an tubular micromotors formed from 50 um wire templates . 

etched Ag wire ( e . g . , exemplified in schematic 810 of FIG . Other exemplary design considerations can include flow 
8 ) with a diameter 50 um . For example , an exemplary nitric losses in single - phase duct flow of stepped and coned 
acid treatment can be implemented for etching of a cylin - tubular geometries . For example , exemplary implementa 
drical silver wire into a concave microcone . For example , 5 tions with straight duct , stepped cone , and smooth cone 
the exact length and dimensions of the microcone can be designse . g . , with different inlet / outlet area ratios — 
controlled by dicing , and the degree of concavity can be yielded positive results . For example , the cone geometry 
controlled by etching conditions , e . g . , including etching ( e . g . , shown in FIGS . 8 and 9A - 9C ) displayed a streamlined 
time and concentration of nitric acid . For example , the efflux of bubbles , a large bubble - formation frequency , and 
conical shape of the wire template ( after the nitric acid 10 an enhanced micromotor speed and power . The exemplary 
etching ) is indicated in the SEM image 920 . For example , design of the microengines having a microcone body ( e . g . , 
the concave geometry curvature can minimize the turbulent microtube engine 911 ) can avoid sudden pressure drops or 
flow inside the micromotor and provide a favorable gradient bubbles evolving from both sides . In some examples , excel 
for forward propulsion . Additionally , this exemplary engi - lent performance of the cone geometry based microengines 
neered geometry can also impact increased efficiency of the 15 was obtained using a length of 150 um and inlet and outlet 
oxygen - bubble production and overall controlled fluid flow . diameters of 30 um and 50 um , respectively . 

FIG . 9C shows an exemplary SEM image 930 of the The propulsion capabilities of the disclosed conically 
resulting Pt - Au tubular microcone , e . g . , following the Ag shaped microtube engine ( e . g . , microtube engine 911 ) can be 
dissolution step exemplified in schematic 840 of FIG . 8 . The coupled with a magnetically directed movement with the 
SEM image 930 shows the open Pt - Au tubular microcone 20 introduction of a magnetic metal layer . For example , the 
after dissolution of the silver template . The nitric acid template - assisted preparation protocol ( e . g . , described in 
etching resulted in a smoothed internal Pt surface , along FIG . 8 ) can allow the incorporation of an additional mag 
with a rough external gold surface ( associated with the netic layer . For example , a nickel layer can be readily 
electrodeposition of the gold ) . electroplated on top of the platinum layer and subsequently 

FIG . 10A shows time lapse images 1000 of the movement 25 coated with an external electroplated gold layer . The ability 
of an exemplary catalytic micromotor in a 15 % peroxide to use magnetic control to guide the motion of the exemplary 
solution over a 2 s period at 0 . 4 s intervals . These exemplary Pt - Ni - Au microengine is shown by exemplary time lapse 
time lapse images show a tail of microbubbles ( e . g . , ~ 100 images in FIG . 10C . FIG . 10C displays time - lapse images 
um diameter ) catalytically generated on the inner surface of 1020 during the magnetically guided U - shaped movement of 
the exemplary microengine and released from the rear of the 30 the exemplary Pt - Ni - Au microengine over a 14 s period 
microengine , e . g . , at a rate of 10 bubbles / s . For example , in a 5 % H2O2 solution . The incorporation of a ferromagnetic 
ejection of the microbubbles from the larger opening of the Ni layer into the exemplary microcone body enabled a 
microengine can propel the microstructure forward , e . g . , at magnetic remote control and guidance in the pre - selected 
a speed of 456 um / s , corresponding to around three body U - shaped route . The exemplary magnetically - guided motion 
lengths / s . For example , lowering the peroxide fuel concen - 35 can be accomplished without compromising the engine 
tration resulted in a decreased bubble frequency and a speed . 
slower motor speed of 186 um / s in 5 % H2O2 . FIG . 10D shows sequential optical micrographs 1030 that 

FIG . 10B shows time - lapse images 1010 of the motion of demonstrate the ability of the magnetic tubular microengines 
an exemplary catalytic micromotor in the presence of 1 M to load a spherical ( 100 um diameter ) cargo and transport it 
NaCl . These exemplary time - lapse images of the motion in 40 along predetermined paths . For example , exemplary imple 
this salt - rich environment indicate a high rate of bubble mentations were performed to demonstrate the guided 
generation and motor speed , e . g . , of 183 um / s in 5 % H2O2 . movement of a Pt - Ni - Au microengine toward a large 
For example , as compared with the salt - free environment magnetic - sphere “ cargo ” , the dynamic loading of the cargo 
demonstrated in FIG . 10A , the exemplary high ionic - onto the propelled microtube , and the transport of the cargo 
strength medium ( e . g . , 1 M NaCl ) in FIG . 10B showed 45 over a predetermined path . The exemplary image data of 
minimal effect on the propulsion of microtube engines , e . g . , FIG . 10D also indicates that the speed of the microengine is 
by 1 - 3 % decrease . not compromised by the cargo loading , reflecting the high 

The geometry and dimensions of the silver wire template propulsion power . 
can be configured to engineer various performance param - In other examples , a surfactant substance ( e . g . , Triton 
eters of the disclosed micromotors . For example , changes in 50 X - 100 ) can be added to the fuel solution , e . g . , which can 
shape , diameter , length , or surface chemistry can be imple - lead to formation of dense smaller bubbles . For example , 
mented on the silver wire template ( e . g . , silver wire 811 low concentrations of Triton - 100 were added to the fuel 
shown in FIG . 8 ) . The disclosed techniques can allow to reduce the hydrophobic nature of the Pt layer and the 
detailed control over the microstructure materials . For surface tension , e . g . , which may improve the Pt wetting 
example , exemplary implementations were performed that 55 ( e . g . , with the aqueous peroxide fuel solution ) and reduce 
used a polymeric polypyrrole ( PPy ) outer layer instead of drag ( e . g . , that can be caused by polar attractions between 
gold . Exemplary microtubes fabricated using a PPy outer the aqueous solution and gold outer layer ) . The exemplary 
layer yielded bubble generation from the external surface , reduction in bubble size can lead to a smaller propulsive 
e . g . , because of the porous nature of PPy . Other examples force and to smoother propulsion ( with shorter moving 
can include the incorporation ( e . g . , deposition of an inter - 60 " steps " ) . For example , exemplary implementations were 
mediate nickel ( Ni ) layer , e . g . , which can be implemented performed and data acquired that showed an increased 
with a magnetic stimulus to aid the pickup of a cargo or load . bubble frequency ( e . g . , - 80 bubbles / s ) and streamlined 
In other examples , various geometries of tubular micromo - propulsion . For example , the propulsion speed can be 
tors ( e . g . , cylindrical , step cone , and smooth cone ) were reduced by utilizing the exemplary surfactant with the 
examined in connection to different diameters of the silver 65 microengine fuel , e . g . , slower speeds of around 250 um / s in 
wire template ( e . g . , ranging from 25 to 100 um ) . For 15 % H2O2 , or ca . 1 . 5 body lengths ( compared to over 450 
example , favorable propulsion was observed for Pt - Au um / s without the surfactant ) . For example , this result can be 
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attributed to lower propulsion forces generated by bubbles Exemplary images were captured using an inverted opti 
of smaller radius compared to larger ones . cal microscope ( Nikon Instrument Inc . , Eclipse TE2000 - S ) , 

Various geometries of the exemplary micromotors ( e . g . , e . g . , equipped with a 5x objective and a Photometrics 
cylindrical , step cone , and smooth cone ) were prepared by a CoolSnap HQ2 camera ( Roper Scientific , Duluth , Ga . ) . For 
sequential electrodeposition of platinum ( Pt ) and gold ( Au ) 5 example , images were taken at a rate of 10 frames / s . The 
layers onto a silver microwire template ( e . g . , 3 cm long , 50 micromotor movement was tracked using Metamorph 7 . 1 
um diameter , 99 . 9 % purity ) , as shown in FIG . 8 . For software ( Molecular Devices , Sunnyvale , Calif . ) . Exem 
example , silver microwires were initially secured under plary tracking of tubular micromotor movement utilized an 
tension to an elevated platform . Concaved geometry tem - optical microscope ( Nikon Instrument Inc . , Eclipse 80i , 
plates were obtained by etching silver wire at evenly spaced 10 Melville , N . Y . ) . The morphology of microtubes was exam 
segments , e . g . , with 30 % nitric acid droplets ( 10 uL ) for 30 ined by field emission scanning electron microscopy ( SEM ) 
s , and followed by a thorough rinsing with distilled water . ( Phillips XL30 ESEM ) . 
The exemplary etched silver wire template was soldered to In another aspect , the disclosed technology can include 
tin - coated copper wire contact and served as a " working functionalized microstructures for selective rapid isolation 
electrode ” for the subsequent electrodeposition steps . A 15 of nucleic acids from complex samples , e . g . , during loco 
Pt - Au electrodeposition technique was used in connection motion of the exemplary functionalized microstructure in a 
to different shapes of the silver wire template . For example , fluid . 
platinum was deposited galvanostatically at - 2 mA for 240 For example , the disclosed microstructures can be incor 
s using a platinum plating solution ( Platinum RTP ; Technic porated with devices , systems , and techniques to capture , 
Inc . , Anaheim , Calif . ) along with a Pt wire counter electrode 20 isolate and transport target biomolecules , e . g . , by self 
and Ag / AgCl ( 3 M KCl ) reference electrode . Subsequently , propelling or externally actuated means to locomote the 
Au was electrodeposited at - 0 . 9 V from a gold plating functionalized microstructures . The functionalized micro 
solution ( Orotemp 24 RTU RACK ; Technic Inc . ) for 200 s . structures can be functionalized with ligand biomolecules , 
The Pt - Au - coated silver wire templates were diced at such as antibodies , nucleic acids , aptamers , lectins , etc . , that 
desired locations using a DAD3220 Disco automatic dicing 25 have an affinity to a receptor molecules , e . g . , independent 
saw to create 150 - 300 um long segments . The exemplary target biomolecules or target biomolecules on living cells ) . 
silver wire template was subsequently dissolved for 5 min Exemplary microstructures are disclosed for selective 
using 25 % ( v / v ) nitric acid . This exemplary process created isolation of target nucleic acids from complex biological 
tubular microcones with an inner platinum surface covered matrices based on ' on - the - fly ' hybridization and transport 
by an external gold layer . These exemplary tubular motors 30 capabilities , e . g . , by implementing a nucleic acid probe 
were collected by centrifugation , e . g . , at 2000 rpm for 2 min , modified microengine rocket . Nucleic acids can be capable 
and washed repeatedly with nanopure water ( e . g . , 18 . 2 of quick , fast , accurate means to identify targeted compli 
M22 cm ) until a neutral pH was achieved . The exemplary ments . Exemplary implementations are described that dem 
tubular microcones were stored in nanopure water at room onstrate the movement and capture / isolate / transport capa 
temperature , and their speed was tested on the same day of 35 bilities of the disclosed nucleic acid probe - modified 
synthesis . The resulting microcone tubes were tested for microrockets , e . g . , exhibiting quick and efficient capture and 
their movement in a aqueous solution of hydrogen peroxide isolation nucleic acid - based targets from small ( e . g . , micro 
fuel solution . The influence of the surfactant ( Triton X - 100 ) liter ) samples , e . g . , biological samples without pre - process 
upon the propulsion of exemplary Pt - Au tubular micro - ing with minimal nonspecific binding . The exemplary func 
cones was examined by mixing a 15 % hydrogen peroxide 40 tionality of the disclosed nucleic acid probe - modified 
solution with solutions of Triton X - 100 ( 0 . 1 % in water ) with microrockets can be further utilized to transport the col 
a 1 : 0 . 1 ratio . lected isolate from various raw samples to a clean environ 

For magnetically directed propulsion , a nickel layer was ment before undergoing post - analysis ( e . g . , such as PCR ) to 
electroplated ( “ sandwiched ” ) between the platinum and gold confirm the product on the same device . 
layers . The nickel deposition proceeded for 120 s at - 1 . 0 V 45 For example , efficient and reliable nucleic acid extraction 
using a nickel - plating solution [ 20 g L - NiC1 , . 6H , O , 515 g from complex biological samples / matrices can play an 
L - Ni ( H _ NSO3 ) 2 . 4H20 , and 20 g L - H2B03 ( buffered to important role in subsequent analytical , preparative and 
pH 3 . 4 ) ] . In this example , the silver template was dissolved downstream processing , e . g . , which can be used for the 
in a H , 0 , / NH , OH ( 1 : 1 ) solution . The exemplary tubular identification of genetic disorders or food and environmental 
motors were magnetically directed and guided by rotating 50 contamination . Nucleic acid extraction purity can be sensi 
the external magnet pair at ~ 10 cm away from the glass slide tive to factors such as incomplete cell lysis , nonspecific 
without changing the distances . This position can allow adsorptions , coextraction of PCR inhibitors and nucleic acid 
changes of an alignment in the direction of tubular motor by degradation . 
a weak magnetic field . For the examples including an outer The exemplary nucleic acid probe - functionalized micro 
layer of polypyrrole ( PPy ) ( e . g . , instead of Au ) , the outer 55 motors can include specific nucleic acid receptors that 
layer was prepared by cycling the potential between 0 to 1 . 0 enable the selective , sensitive and rapid isolation of target 
V at a scan rate of 100 mV / s using 0 . 5 mM pyrrole solutions nucleic acids ( e . g . , DNA , RNA ) from complex media and 
containing either tetraethylammonium tetrafluoroborate in biological samples , e . g . , raw bacterial lysate , serum , saliva , 
acetonitrile ( vs . a Ag / Ag + / ACN nonaqueous reference elec - urine . In some examples , the target can be tagged with a 
trode ) or sodium chloride ( vs . Ag / AgC1 , 3 M KCl reference 60 fluorescent tracer ( e . g . , fluorescence nanoparticles or fluo 
electrode ) in water as dopants . For exemplary cargo pickup rescence detector probe ) , which can offer convenient and 
implementations , polystyrene beads ( 100 um Polysciences , direct optical monitoring of the target hybridization and 
Inc . , Warrington , Pa . ) were acquired and dispersed as mono duplex - transport processes . The exemplary nucleic acid 
layers on pre - cleaned glass slides . The top side of the dried probe - functionalized microrockets can move by a catalytic 
polystyrene was coated with a titanium layer ( e . g . , 25 nm 65 bubbling propulsion producing a strong convection effect 
thick ) followed by 100 nm of nickel and 200 nm of gold that increases the hybridization rate and enhances the target 
using an Ebeam evaporator ( Temescal BJD 1800 ) . capture efficiency at fixed time . For example , the guided 
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navigation of these autonomously micromotors can allow example , if the target of interest is rather large such as cells , 
for the transportation of isolated targets across a PDMS the receptor - cell interaction and capture can be clearly 
based microchannel of a biosensor to a clean environment identified with an optical microscope . After interacting for a 
( e . g . , on the biosensor ) that can be validated using post given period of time ( e . g . , between 5 to 30 min ) , which can 
analysis methods . Disclosed is the exemplary integration of 5 be influenced based on target concentration , volume , or 
the nucleic acid probe - functionalized micromotors in a sample matrix , the disclosed nano / micromotor may then be 
complete lab - on - chip device that can provide , for example , directed across the PDMS microchannel to the docking 
a quick , cost - effective , system - automated , high - throughput station in clean environment . The exemplary isolated micro 
means to obtain and characterize highly purified nucleic acid rockets can serve as solid supports for the subsequent 
based substances . 10 molecular or biochemical analysis ( e . g . , PCR directly over 

FIG . 11A shows a schematic illustration of an exemplary the microengine with the captured target nucleic acid ) . For 
nucleic - acid functionalized microtube rocket 1100 engi - example , if the target of interest is a nucleic acid and / or 
neered to self - propel in a fluid to capture , isolate , and / or protein , the isolated targets can be accurately measured or 
transport a target biomolecule . For example , the exemplary analyzed , e . g . , using Image - J fluorescent intensity software 
microrocket 1100 can include a tubular structure coated by 15 for quantitation after thorough washing . Further downstream 
a gold layer 1101 that is functionalized by a molecular layer . analysis ( e . g . , such as qPCR , gel electrophoresis or sequenc 
The molecular layer can include a binary SAM having a ing technology ) can be employed to validate the isolation 
thiolated capture probe ( SHCP ) 1103 and a short - chain and to further quantitate the capture efficiency . The same 
linear alkanethiol 1102 ( e . g . , a mercaptohexanol such as concept is applicable to different synthetic nano / microscale 
6 - mercapto - 1 - hexanol ( MCH ) ) . For example , the binary 20 motors in connection to diverse surface receptors and target 
SAM attached to the Au layer 1101 of the microtube can biomolecules . 
ensure an efficient hybridization process , e . g . , by minimiz - FIG . 12 shows exemplary optical microscope images 
ing nonspecific binding . The exemplary SHCP 1103 can 1250 , 1260 , and 1270 demonstrating the motion - based target 
include a single strand oligonucleotide ( e . g . , DNA or RNA hybridization and isolation process implemented by exem 
based oligonucleotides ) , aptamers , peptide nucleic acids 25 plary nucleic acid - functionalized microrockets . For 
( PNA ) , and hairpin probes , among other configurations . For example , image 1250 shows selective isolation of a fluo 
example , nucleic acid - functionalized microrocket 1100 can rescent - tagged target sequence ( e . g . , 25 nM concentration ) 
self - propel by allowing a fuel ( e . g . , a peroxide fuel ) in the by the rapidly moving functionalized microrockets . Image 
fluid through the small radial opening and catalytically 1260 shows a comparative functionalized microrocket hav 
generating gas microbubbles 1109 along its inner surface 30 ing a large excess ( e . g . , 250 nM concentration ) of 3 - based 
that eject out from the larger radial opening to produce a mismatched ( 3 - MM ) nucleic acids . Image 1270 shows a 
propulsion force . comparative functionalized microrocket having non 

FIGS . 11B and 11C show schematic illustrations of the complementary ( NC ) sequences . The exemplary images of 
nucleic acid - functionalized microrocket 1100 capturing and FIG . 12 were taken 10 minutes after incubation in the 
isolating target biomolecules based on an ' on - the - fly ' target 35 respective samples . For example , images 1250 , 1260 , and 
hybridization in biological samples . For example , FIG . 11B 1270 demonstrate a highly efficient hybridization of the 
shows an illustration 1130 demonstrating the nucleic acid DNA target to the capture probe on the modified - micro 
functionalized microrocket 1100 moving around a raw bio - rocket surface . This exemplary result is indicated , for 
logical sample 1131 , e . g . , by self - propulsion based on example , by the relatively complete coverage of the micro 
catalysis of a fuel such as hydrogen peroxide . In the raw 40 engine with fluorescent nanoparticles that firmly adhered to 
biological sample 1131 , the movement of the nucleic acid the functionalized rocket shown in image 1250 , e . g . , micro 
functionalized microrocket 1100 can allow and / or facilitate rockets moving at ~ 4 body lengths per second ( e . g . , 240 
interaction with a target oligonucleotide 1132 ( e . g . , target um / sec ) . In images 1260 and 1270 , the presence of a 10 - fold 
DNA / RNA ) . In some examples , the raw biological sample excess of 3 - MM an NC nucleic acids , respectively , did not 
can include a fluorescent - tagged target nucleic acid 1133 45 produce visible binding of the fluorescently - labeled 
( e . g . , synthetic 30 mer - DNA or bacterial 16S rRNA ) . For sequences on the modified - microrocket surface , e . g . , even 
example , after some time to allow for exemplary binding of after significantly longer incubation times ( e . g . , of 25 - 30 
the target biomolecules to the nucleic acid - functionalized min ) . The exemplary implementations shown in FIG . 12 
microrocket 1100 , the microrockets with the captured target demonstrate the effective discrimination against non 
nucleic acid can be propelled with an external steering ( e . g . , 50 complementary or multiple - mismatched sequences by the 
magnetically - guided ) through an exemplary microchannel highly selective microrocket , which can be configured for 
towards a ' clean ' detection zone ( e . g . , clean environment capture and isolation of a target nucleic acid . 
1136 ) . For example , within the clean environment 1136 , the FIG . 13 shows exemplary optical microscope time lapse 
exemplary isolated nucleic acids 1133 on the collected images demonstrating the influence of hybridization time 
microrockets can be further detached from the nucleic 55 and target concentration on the uptake of the fluorescent 
acid - functionalized microrocket 1100 and subsequently ana tagged target DNA . Images 1310 , 1320 , and 1330 represent 
lyzed , e . g . , by using bioanalytical methods such as PCR . the time lapse progression of the ‘ on - the - fly ' target hybrid 
FIG . 11C shows a schematic illustration 1150 that demon - ization ( 25 nM ) on a moving nucleic acid - functionalized 
strates the nucleic acid - functionalized microrocket 1100 that microrocket , e . g . , following 0 , 7 , and 12 min in hybridiza 
has captured target nucleic acid molecules , e . g . , even among 60 tion buffer ( HB ) , respectively . Images 1340 , 1350 , and 1360 
the diversity of components contained within the raw bio - represent the time lapse images obtained after exposure of 
logical sample 1131 . the modified microrockets to different target DNA concen 

For example , during their motion , the receptors on the trations , e . g . , 1 . 25 nM , 12 . 5 nM , and 125 nM , respectively , 
modified microrockets can interact with a model target after 8 min in HB . The quantity of the target nucleic acid 
pre - labeled with a fluorescent tag or an actual target from a 65 captured on the modified microrocket was shown in FIG . 13 
raw sample which are later identified through its interaction to be associated with its concentration in solution and the 
with another fluorescent labeled detector molecule . For interaction time . For example , the number of captured 



23 
US 9 , 879 , 310 B2 

24 
particles gradually increased upon increasing the hybridiza - 1100 ) to move and isolate target nucleic acid in untreated 
tion time in the 25 nM target DNA solution ( shown in biological samples . For example , FIG . 15 shows exemplary 
images 1310 , 1320 , and 1330 ) . For example , at a fixed images of the modified microrockets propelling in the bio 
incubation time ( e . g . , of 8 min ) , the fluorescence intensity of logical samples to isolate the target DNA . The target DNA 
the modified microrocket was shown to increase with the 5 capture efficiency was assayed in 10 % of human urine 
concentration of target DNA , e . g . , over the 1 and 100 nM ( images 1510 and 1520 ) , 100 % human serum ( images 1530 
range . It is noted that the composition of the hybridization and 1540 ) , and 20 % of human saliva ( images 1550 and 
buffer ( e . g . , high ionic strength and large presence of bio - 1560 ) . For example , the exemplary SHCP + MCH - modified 
logically inert proteins like BSA ) does not compromise the micromotors propelled in the biological samples containing 
movement of microrockets , which were observed to move in 10 20 nM of target DNA ( images 1520 and 1540 ) , 200 nM of 
this medium for more than 30 min without significant loss in NC oligonucleotide ( images 1510 and 1530 ) and rRNA 
speed . For example , the fuel does not affect the hybridization corresponding to K . pneumoniae 1 . 8x10° CFUs / uL ( image 
efficiency or the integrity of the binary ( SHCP + MCH ) 1550 ) and to E . coli 7 . 5x102 CFUs / uL ( image 1560 ) . For 
monolayer assembled on the microrockets . example , images 1510 - 1540 were captured after 9 min of 

For example , a bubble - induced self - convection of the 15 incubation and images 1550 and 1560 ) after 6 min . For 
target nucleic acid , e . g . , due to the self - propulsion mecha - example , the practical utility of the disclosed methodology 
nism of the microrockets , can significantly enhance the was implemented for the isolation of E . coli 16S rRNA from 
hybridization efficiency of the targets to the ligands on the raw bacterial lysate sample solutions . For example , speci 
microrocket . This can provide a significant advantage of the ficity of the bioassay was evaluated using as no - target 
disclosed functionalized microrockets for nucleic acids 20 biological control K . pneumoniae . The incubation in the raw 
extraction implementations . For example , FIGS . 14A and E . coli lysate sample solution resulted in the attachment of 
14B show data images and a data plot exemplifying the numerous fluorescence particles to the modified microrock 
difference in target hybridization efficiency for microrockets ets ( image 1560 ) ; in contrast , no fluorescence ( e . g . , binding ) 
incubated with hydrogen peroxide fuel compared to those was observed for a high ( 240 - fold ) excess of K . pneumoniae 
without the fuel . The exemplary time lapse images 1410 , 25 16S rRNA ( image 1550 ) . 
1420 , and 1430 obtained after a 20 min incubation of the The exemplary data shown in FIG . 15 indicate that the 
modified microrockets in a HB solution containing the target disclosed structures , devices , and methodologies can offer 
DNA ( 25 nM ) without H2O2 image 1410 ) and with H2O2 high specificity for the capture of the target nucleic acids , 
( images 1420 and 1430 ) . For example , FIG . 14A shows e . g . , even in the presence of complex biological samples . 
images 1410 , 1420 , and 1430 that demonstrate the genera - 30 For example , direct isolation of bacterial nucleic acids in 
tion of microbubbles thrusted out of the openings of the complex sample matrices was shown , which can be impor 
exemplary microrockets . For example , image 1430 shows tant in variety of applications including clinical and bio 
that fast movement of the microrocket can create a vortexing threat detection . For example , the disclosed functionalized 
mixing effect around the modified micromachine that can microrockets can move over long periods ( e . g . , greater than 
increase the capture probe availability for target binding and 35 30 min ) in these complex biological samples while main 
improve the transport of the labeled target . This exemplary taining their speed . For example , the capture efficiency can 
vortexing mixing effect can thereby cause an increase in the be associated with the matrix composition of the fluid , 
target binding rate to the functionalized microrocket , e . g . , which , for example , may be attributed to the slight effect of 
improving the hybridization efficiency at fixed time . For the viscosity upon the micromotors ’ locomotion and hybrid 
example , the locomotion - induced hybridization kinetic / rate 40 ization rate . In other examples , the presence of some com 
enhancement of the exemplary microrockets can also mini - ponents in the biological fluids may hinder the hybridization 
mize the undesirable non - specific adsorption of non - efficiency or consume the fuel ( e . g . , reaction with urea to 
complementary / mismatched nucleic acids or other possible produce carbamide peroxide , CH N2O . H2O2 ) . 
components of the complex samples . FIG . 16 shows schematic illustrations and exemplary 

FIG . 14B shows data plot 1450 that demonstrates the 45 images of the nucleic acid modified - microrockets imple 
exemplary effect of peroxide fuel on the DNA hybridization mented in a device that can allow capture and transport of 
on the functionalized microrockets . For example , signal captured target DNA across a PDMS microchannel from a 
detection of 1 nM target DNA ( green columns 1451 ) and the " dirty " sample zone to a “ clean ” well , e . g . , for subsequent 
corresponding blank noise ( O M target DNA ) signals ( red release and characterization . For example , the exemplary 
columns 1452 ) are shown , along with the resulting S / N ratio 50 data shown in FIG . 16 is based on the exemplary schematic 
( blue line ) . Exemplary conditions of the experimental imple of FIG . 11B . For example , the optical images 1610 , 1620 , 
mentations included pure HB ( represented by the left data and 1630 in FIG . 16 depict the process as a modified 
( 1 ) ) , HB containing 5 % of H2O2 ( represented by the middle micromotor captures the target DNA in a sample reservoir 
data ( 2 ) ) , and HB containing 5 % of H2O2 and 1 % ( w / v ) of ( image 1610 ) and transports it across a 6 - mm - long channel 
sodium cholate ( represented by the right data ( 3 ) ) . Plot 1450 55 image 1620 ) to a clean well ( image 1630 ) for post - analysis 
demonstrates the presence of H2O2 and sodium cholate can by releasing it . For example , transport of the exemplary 
have a minimal effect on the background noise , e . g . , with nucleic acid modified - microrocket occurred across the 
nearly the same hybridization signal when testing with 1 nM 6 - mm channel within 80 sec . The power and efficiency of the 
of target DNA . These exemplary results can confirm that the modified microrockets can enable for the transport of the 
SHCP + MCH SAM is stable under the exemplary conditions 60 isolated DNA against a hydrostatic pressure gradient , e . g . , 
used for microrockets locomotion . artificially created in this example to prevent diffusion from 

The propulsion of modified - microrockets in complex bio - the " dirty ” to “ clean ” wells and further validate the func 
logical samples , e . g . , plasma , serum , urine or saliva , can t ionality of the microrocket propulsion technology . 
allow for efficient isolation of the target nucleic acid without Many practical nucleic acid isolation applications can 
sample processing steps or procedures . Exemplary imple - 65 require that effective motor propulsion is maintained in 
mentations were performed to demonstrate the ability of the complex matrices for long durations of time . The movement 
SHCP + MCH - modified microrockets ( e . g . , microrocket capabilities of the functionalized microrockets was evalu 
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ated and shown to maintain movement characteristics in were used without any further purification . Exemplary syn 
different biological samples ( as shown in Table 4A ) over thetic oligonucleotides used were acquired from Integrated 
longer periods of time ( as shown in Table 4B ) . For example , DNA Technologies Inc . ( San Diego , Calif . , USA ) and are 
the speed of most microrockets is only slightly affected by listed in Table 5 . Exemplary bacterial strains of Escherichia 
the biological media even after longer periods of time . In 5 coli NEB 5 - a ( New England Biolabs ) and clinical isolates of 
some examples , the microrockets speeds increased over - Klebsiella pneumoniae ( KP210 ) were obtained from the 
time , e . g . , which could be due to a better wetting of the inner University of California - Los Angeles ( UCLA ) , Clinical 
catalytic surface . Tables 4A and 4B include data showing Microbiology Laboratory . The exemplary isolates were 
fuel requirements , estimated speed and distance traveled by received in centrifuge tubes and were stored at - 80° C . until 
SHCP + MCH - modified microrockets after prolonged move - 10 use . Overnight bacterial cultures were freshly inoculated 
ment ( around 30 min ) in complex media . The asterisk ( * ) in into Luria broth ( LB ) and grown to logarithmic phase as 
Table 4 indicates average data obtained for 10 microrockets measured by the optical density at 600 nm . Exemplary 
in three independent experiments . concentrations in the logarithmic - phase specimens were 

determined by serial plating . The buffer solutions used in the 
TABLE 4A 15 exemplary implementations included the following : the 

DNA immobilization buffer ( IB ) was 1xPBS ( pH 7 . 2 ) ; the 
[ H202 ] , Nach , hybridization buffer ( HB ) was a 1 M phosphate buffer 

Media ( w / w ) % ( w / v ) % solution containing 2 . 5 % bovine serum albumin ( pH 7 . 2 ) . 
HB 1 . 4 0 . 25 The human urine and saliva samples were taken daily and 
100 % Serum 2 . 5 0 . 25 20 diluted appropriately in IB just before the experiment . 
10 % Urine 0 . 25 Exemplary chemicals used were of analytical - grade 10 % Saliva 4 . 3 1 . 8 % 

reagents , and deionized water was obtained from a Millipore 
Milli - Q purification system ( 18 . 2 M22 cm ) . 

Fabrication of the exemplary microrockets can be imple 
TABLE 4B 25 mented using the described techniques . For example , for 

exemplary Ti — Ni — Au — Pt microtube rockets , a positive % of micro - Estimated speed * , Average 
rockets still um / s um / s Average distance photoresist ( Microposit S1827 , Microchem , Newton , Mass . ) 

serving as a sacrificial layer was spin - coated on a silicon 
linearly ( 0 ( 15 ( 30 speed , traveled in wafer at 3000 rpm for 60 seconds . The exemplary coated 

Media moving * min ) min ) min ) um / s 30 min , mm 30 wafer was baked at 115º C . for 60 seconds and exposed to 
HB 95 % 53 . 1 70 . 0 83 . 7 68 . 9 124 UV light with an MA6 mask aligner , e . g . , for 35 sec to create 
100 % Serum 80 % 45 . 1 41 . 1 47 . 5 44 . 6 80 predefined patterns . The exposed patterns were developed 
10 % Urine 85 % 46 . 2 57 . 8 75 . 8 59 . 9 108 using a MF - 321 developer , e . g . , for 90 seconds , and thor 10 % Saliva 40 % 60 . 3 49 . 1 47 . 2 52 . 2 94 oughly washed with DI water . The exemplary metallic layers 

35 of Ti : 10 nm , Ni : 15 nm , Au : 5 nm and Pt : 10 nm were 
Table 5 shows the oligonucleotides used in these exem - deposited sequentially using an e - beam evaporator under 

plary experimental implementations . The asterisk ( * ) in high vacuum conditions ( e . g . , < 10 - 4 Pa ) . The e - beam sub 
Table 5 indicates that the sequence of the 30 - mer comple strate holder was tilted to 50° in order to asymmetrically 
mentary DNA target is a copy of partial region of the E . coli deposit metals on the patterns . Upon selective removal of the 
16S rRNA gene ( position 432 - 461 according to the 5 ' 3 ' 40 exposed photoresist layer using MF - 1165 ( Rohm & Haas , 
nucleotide sequence ) . For example , the probe pair ( SHCP Marlborough , Mass . ) , the exemplary pre - stressed metallic 
and Biotin - DP ) was designed to be fully complementary to layers self - assembled into microtubes . The exemplary 
both synthetic target DNA and the partial region of the E . microtube rockets were washed and stored in isopropanol 
coli 16S rRNA targets . before undergoing critical - point drying to maintain struc 

TABLE 5 
SEQ ID NO Oligonucleotide Sequence ( 5 ' 3 ' ) 

Thiolated capture probe , SHCP Thiol - TAT TAA CTT TAC TCC 
Detector probe , Biotin - DP ??? ccT ccc cGC TGA - Biotin 

3 Complementary target * Biotin - TCA GCG GGG AGG AAG GGA GTA AAG TTA ATA 

Non - complementary sequence , NC Biotin 
CT GGG GTG AAG TCG TAA CAA GGT AAC CGT AGG 
GGA AC 

5 3 - Base mismatched sequence , 3 - MM Biotin - TCA GCG GGG AGG AAG GGA GTC ACG TGA ATA 

Materials used in the exemplary implementations of the 60 tural integrity . A thin ( ~ 60 nm ) gold layer was sputtered onto 
disclosed technology are described . For example , 6 - Mer - the rolled - up microtubes to facilitate surface functionaliza 
captohexanol ( MCH ) was acquired from Aldrich . Bovine tion , e . g . , with the antibody receptor through the assembly of 
serum albumin ( BSA ) , human serum ( from human male AB alkanethiols . For example , surface functionalization was 
plasma ) , KC1 , Na HPO4 , K2HPO4 . 3H20 and NaCl were performed to create a binary SHCP + MCH SAM . In this 
acquired from Sigma . Streptavidin - Coated Fluorescence 65 example , Au - coated Ti - Ni - Au - Pt microtube engines 
Microspheres ( 210 nm mean diameter CP01F / 8905 ) were having an exterior Au surface and interior Pt surface were 
acquired by Bangs Laboratories Inc . Exemplary reagents produced . Other examples can include Au - coated Ti — Fe 
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Au — Pt microtube engines , Au - coated Ti — Au — Pt micro An exemplary device including PDMS ( Dow Corning 
tube engines , bimetal microtube engines ( e . g . , such as Corporation , Midland , Mich . ) was hand - mixed in a 10 : 1 
Au - Pt microtube engines ) , or Au - coated polymer - platinum polymer , e . g . , by fixing agent ratio . For example , PDMS was 
microtube engines ( e . g . , a polyaniline ( PANI ) polymer in poured over a glass Petri dish , degassed in a vacuum 
Au - PANI - Pt , Au — Fe - PANI - Pt , and Au — Ni - PANI - Pt 5 desiccator , and baked at 110° C . for 15 min . Holes of ~ 3 mm 
microtubular engines ) , as well as other configurations . were punched in each well using a steel rod ( Technical 

Modification of the exemplary microrockets can be imple innovations , Brazoria , Tex . ) . The PDMS network had 2 
mented using the described techniques . For example , the reservoirs of ~ 3 mm wide and - 1 . 5 mm tall with a channel 
external gold surface of the exemplary fabricated micro - length of approximately 6 mm . The resultant structures and 
rockets was modified by an overnight immersion in a 10 UM 10 glass slides were exposed to UVO ozone ( Jetline Co . , Irvine , 
SHCP solution prepared in IB . After washing with ultra - pure Calif . ) at a gas flow rate of 3 sccm for 3 min , pressed 
water , the microrockets modified with the SHCP were together and baked for another 10 min at 110° C . to complete 
treated with a 0 . 1 mM MCH solution ( also in IB ) for 10 min the bonding process . The PDMS channel was washed with 
to obtain a SHCP + MCH SAM . Finally , the modified micro - ultra pure water to ensure the removal of any residual dust 
rockets were washed for 60 s with ultra - pure water and 15 and dried properly under nitrogen before starting the exem 
resuspended in IB . Exemplary incubation steps were carried plary implementations . 
out at room temperature . Exemplary SHCP + MCH - modified The exemplary implementations included a mixture of 
microrockets can be used for isolation of nucleic acid , e . g . , H2O2 ( final concentration 3 ( w / v ) % ) , sodium cholate ( final 
stored ( up to 2 weeks ) in IB at 4° C . concentration 0 . 25 ( w / v ) % ) and HB that was prepared and 
Exemplary DNA isolation and detection procedures 20 transferred to the PDMS channel until filling the channel . An 

involved a duplex formation between the microengine appropriate volume of the modified - microrockets and fluo 
surface confined probe and the biotinylated target DNA rescence labeled - nucleic acid solution ( ~ 4 uL of each ) was 
pre - labeled with the streptavidin - fluorescence particle tag . added to the " dirty well ” simulating a real sample ; a slightly 
For example , different concentrations of the DNA target higher volume of the mixture previously prepared was added 
were prepared in the HB and incubated for 30 min at room 25 to the clean well in order to generate an opposite hydrostatic 
temperature with streptavidin - fluorescence particles diluted pressure gradient to minimize the diffusion from the dirty 
60 times before exposure to the modified - microrockets . The channel to the clean one during the microrockets moving 
exemplary protocol was used for the testing with the NC or time required for nucleic acid capture . After allowing move 
3 - MM sequences . Exemplary implementations were carried ment of the modified microengines in the sample reservoir 
out at room temperature . 30 during the desired time , they were magnetically guided 

Exemplary bacteria detection strategies involved " sand across the channel . Ambient light and digital adjustments to 
wich ” hybridization of target 16S ribosomal RNA released brightness and contrast were used to visualize the fluores 
from the bacterial cell to specific capture and detector cent labeled nucleic acid , micromotor and PDMS channel at 
probes . For example , the bacteria were lysed by resuspen - the same time . Tracking , magnetic guidance and visualiza 
sion of the appropriate pellet containing ~ 107 CFU bacteria 35 tion techniques were implemented as described above . 
in 10 uL of 1 M NaOH and incubation for 5 min . An Exemplary implementations were performed to evaluate 
exemplary 50 uL of Biotin - DP ( 0 . 25 uM ) in HB was added the stability of the microrocket modification and nucleic acid 
to this 10 uL bacterial lysate , e . g . , leading to genetic material hybridization in the presence of the fuel ( e . g . , 5 % H2O , and 
corresponding to - 107 CFU per 60 °L . This exemplary 1 % of sodium cholate ) . Additionally , exemplary implemen 
solution was left to incubate 15 min at room temperature ( for 40 tations were performed in pure HB , in HB containing 5 % of 
homogeneous hybridization in solution ) and serially diluted H2O , and in HB containing 5 % of H , O , and 1 % of sodium 
in the Biotin - DP ( 0 . 25 uM ) , e . g . , to provide different con - cholate . An exemplary electrochemical detection strategy 
centrations of bacterial genetic material ( 16S rRNA ) . The involved a sandwich hybridization assay in which the immo 
resulting solution was incubated with the fluorescence par bilized capture probe anchors the target DNA to the sensor , 
ticles tags following the same protocol described earlier for 45 and the detector probe signals the presence of the target 
the synthetic target DNA . Exemplary procedures were car - through a reporter molecule . For example , binding of the 
ried out at room temperature . capture and detector probes to the nucleic acid target can 

The exemplary microrockets functionalized with the create a three - component “ sandwich ” complex on the sensor 
SHCP + MCH SAM were detached from the substrate surface surface . An exemplary fluorescein - modified detector probe 
by carefully scratching with a micropipette tip and sus - 50 can enable binding of an antibody antifluorescein - conju 
pended in IB . For example , a mixture of microengines gated with a reporter enzyme ( horseradish peroxidase ) to the 
suspension ( 2 UA ) , sodium cholate ( 0 . 1 - 1 . 0 % ( w / v ) , 2 uL ) target probe complex . For example , under the use of a redox 
and samples under study ( 2 uL ) was added to a freshly enzyme co - substrate ( 3 , 3 , 5 , 5 ' tetramethylbenzidine , TMB , 
cleaned glass slide . To this , 2 uL of nucleic acid solution solution containing also hydrogen peroxide ) and a fixed 
( synthetic DNA or bacterial rRNA containing also the fluo - 55 potential between the working and reference sensor elec 
rescence particles ) and 2 uL of H2O2 were added ( final trodes , the horseradish peroxidase - mediated redox cycle can 
peroxide concentration between 1 - 5 % ( w / v ) and dependent be detected by the electrochemical sensor in the form of an 
on the matrix samples assayed ) . The microengines were electric current . The amplitude of this electroreduction cur 
allowed to move randomly in the above solution to pick - up rent reflects the concentration of the target - probe complexes 
the target nucleic acid during the desired time and in the 60 immobilized on the sensor surface . 
moment of video acquisition the microengines were mag - Various implementations have been described for an 
netically guided to localize them in the observation window . exemplary self - propelled nucleic acid - functionalized micro 
Exemplary videos were captured using CoolSNAP HQ ? rocket that can bind target substances . Exemplary imple 
camera , 20x objective ( unless mentioned otherwise ) and mentation of the disclosed functionalized microrockets were 
acquired at the frame rate of 10 using the Metamorph 7 . 1 65 shown to increase the hybridization rate and efficiency of 
software ( Molecular Devices , Sunnyvale , Calif . ) and Nikon isolate target nucleic acid to the capture probes attached to 
Eclipse TE2000S fluorescence microscope . the microrockets in various biological samples . For 



30 
US 9 , 879 , 310 B2 

29 
example , the disclosed functionalized microrockets can gen probe 1805 having a detecting molecule 1807 ( e . g . , a 
erate a convection vortex that can bring target biomolecules fluorophore ) can be included in the fluid to attach to the 
toward the microrockets from within the fluid . The disclosed bacterial rRNA 1804 for further characterization . 
functionalized microrockets include capabilities of imple - FIGS . 18B and 18C show exemplary time lapse images 
menting multiple hybridizations on a single microrocket . In 5 1810 and 1820 demonstrating SHCP + MCH - modified 
addition , the disclosed functionalized microrockets include microrocket propulsion in lysate fluid samples . Exemplary 
the ability to control the nucleic acid hybridization kinetics data was obtained after 6 min of incubation of the SHCP + 
( e . g . , by modulating the speed of the modified microrock - MCH - modified microrocket in lysate samples solutions con 
ets ) . The disclosed technology can be implemented in a taining the genetic material corresponding to E . coli 3 . 0x103 
variety of applications that can improve speed , efficiency 10 CFU / uL ( image 1810 ) and K . pneumoniae 7 . 3x10 CFU / UL 
and other parameters of bioinformatic assays , diagnostics , image 1820 ) . 
therapeutic agents , and nanofabrication . For example , the These exemplary microrockets can be implemented in 
nucleic acid isolation capabilities of the disclosed technol - devices and systems , e . g . , biosensor devices such as lab - on 
ogy can be employed in microchannel networks for creating a - chip devices and systems with PCR based assay tech 
fully integrated devices . For example , the exemplary micro - 15 niques , microscopy , and / or other characterization tech 
chips can rely on the active transport of multiple function - niques , which can further allow unloading and 
alized microrockets in a sample reservoir to induce numer - characterization of the captured target . FIG . 19 shows an 
ous interactions , high capture efficiency and single - step exemplary illustration of a lab - on - a - chip 1900 that employs 
isolation of the target analytes . Furthermore , this can be the functionalized nano / micromachines that can self - propel 
extended to accumulating target nucleic acids in a pre - 20 in a fluid , e . g . , using a fuel in the fluid to catalytically 
defined collection ' area by releasing them using appropriate generate microbubbles that eject and result in a propulsion 
dehybridization conditions , discussed later in this patent force , and capture , isolate and transport targeted biological 
document . entities . For example , the isolated biological entities cap 

The exemplary functionalized microrockets of the dis - tured on the modified - microrockets after the appropriate 
closed technology can also be functionalized with other 25 recognition reactions can be transported across microchan 
targeting ligands . For example , tubular bubble propulsion n els of chip 1900 , e . g . , from a sample reservoir ( a ) to a 
based microscale rockets functionalized with specific anti - transport / tagging reservoir ( b ) , from the transport / tagging 
bodies , capture probes or other targeting ligands have capa - reservoir ( b ) to a detection reservoir ( c ) , and from the 
bilities to isolate rare cancer cells , nucleic acids and protein detection reservoir ( c ) to a release reservoir ( d ) . For 
antigens from raw samples . 30 example , multiple reservoirs can be clean reservoir for post 

For example , FIG . 17 shows a schematic illustration of analysis such as fluorescence microscopy , PCR , gel electro 
capture and transport of circulating cancer cells in a blood phoresis and sequencing , e . g . , which can occur in the 
sample . Schematic 1701 shows red blood cells 1716 and detection reservoir ( c ) and the release reservoir ( d ) . For 
cancer cells 1715 circulating in the blood sample . Schematic example , the functionalized nanomotors can be directed for 
1702 shows Ab - modified microrocket 1720 having a gold 35 the rapid and simple isolation , manipulation , preconcentra 
coated microtube structure 1710 functionalized with anti - tion and detection of multiple desired biological targets on 
bodies 1712 propelling in the blood sample . Schematic 1702 a single chip 1900 . The exemplary ligand molecule - modi 
shows the microrocket 1720 attaching cancer cells 1715 and fied nanomotors can transfer the captured biomarkers or 
bypassing red blood cells 1716 . Schematic 1703 shows the targets from the sample reservoir ( a ) , containing the com 
microrocket 1720 transporting the attached cancer cells 40 plex biological fluid , into the detection reservoir ( c ) , which 
1715 in the blood sample . FIG . 17 demonstrates use of can include a pure buffer ideal for sensing . The captured 
functionalized nanomachines propelled through the sample , analyte can undergo various manipulations and processes 
e . g . , extracting target cancer cells from untreated biological within different stations on its way from the sample reservoir 
fluids . The exemplary microrocket cell - sorting technique ( a ) to the detection reservoir ( b ) . The entire operation can be 
can rely on the rapid and repeated movement of multiple 45 implemented without any bulk solution flow . 
antibody - functionalized microrockets through the blood Exemplary isolation of biological entities using synthetic 
sample to maximize the cell - antibody contact rate . For modified nanomotors can include to the use of other types of 
example , by inducing numerous interactions between the nano / micromotors like the fuel - independent ones ( e . g . , mag 
target cells and the functionalized rockets , high capture netically or electrically propelled ) or to the use of different 
efficiency and single - step CTC isolation can be achieved . 50 biological immobilized receptors and biomolecular interac 
The resulting motion - driven detection platform can thus tions ( e . g . peptides , lectins and carbohydrates ) . Exemplary 
provide an attractive platform for high - yield capture and engineered functionalized nanomotors can be guided from a 
transport of tumor cells without pre - processing the biologi - raw sample reservoir along a microchip to a post - analysis 
cal samples . Similarly , repeated motion of the DNA - capture reservoir using external guidance or along predefined tracks . 
probe or antibody functionalized micromachines can 55 The disclosed technology can include the isolation of bio 
increase the contact rate with the corresponding target , and logical markers ( e . g . , cells , proteins , nucleic acids , etc . ) from 
hence , the binding efficiency for higher sensitivity and / or a complex sample for sequential analysis , e . g . , on a lab - on 
shorter bioassays . chip device such as chip 1900 . Additionally , the movement 

In another example , as shown in FIG . 18A , a schematic of the nano / microscale motor increases the solution convec 
illustration 1800 shows a functionalized microrocket 1801 60 tion thereby improving the diffusion of the target biomol 
configured for capture and isolation of bacterial rRNA 1804 ecule , making for a quicker and more favorable the recog 
from a bacteria cell 1808 found in a fluid . For example , nition reaction . In addition , this also helps to eliminate 
microrocket 1801 can be functionalized with a molecular non - specific binding while on its way to a clean environment 
monolayer having MCH backfiller 1802 and a thiolated for subsequent analysis . 
capture probe 1803 ( e . g . , a lectins - based probe for carbo - 65 The exemplary nano - / micro - bio - machines can enable 
hydrate interactions with bacterial components ) for capture construction of nanometer - scale devices , e . g . , nanobiosen 
of the bacterial rRNA 1804 . In some examples , a detector sors , nanofluidic systems , or nanomachines . For example , 
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the disclosed nano / micromotors can be employed in a nano - artificial nanomachines as protein isolation platform can 
bioactuator - based lab - on - a - chip system , e . g . , that does not represent advancement toward protein analysis and other 
require external power or control . Such microchips can rely bioanalytical techniques . 
on the active transport of multiple functionalized nanoma Also demonstrated is the controlled ( triggered ) release of 
chines in a sample reservoir to induce numerous interac - 5 captured biological targets from a moving synthetic micro 
tions , high capture efficiency and single - step isolation of the motor . For example , the disclosed technology includes func 
target analytes . tionalization the surface of the microtube engines with a 

In another aspect , the disclosed technology can include mixed binding aptamer ( MBA ) , containing both ATP ( ABA ) 
isolating target proteins from complex biological samples and a - thrombin ( TBA ) binding aptamers . The MBA was 
based on an aptamer - modified self - propelled nano / micro - 10 prehybridized to a short thiolated partially complementary 
tube engine . For example , a thiolated thrombin or a mixed oligonucleotide strand that is bound to the microengine ' s 
thrombin - ATP aptamer ( e . g . , prehybridized with a thiolated surface ( SH - PCS , see bottom left part of FIG . 20 ) . As 
short DNA ) can be co - assembled with mercaptohexanol illustrated in FIG . 20 panel ( b ) , release of the captured 
onto the gold surface of these nano / microtube engines . thrombin from the moving MBA - modified microtransporter 
Exemplary implementations performed showed rapid move - 15 can be triggered by navigation in an ATP solution . For 
ment of the aptamer - modified microengine ( e . g . , also example , interaction with ATP induces a conformational 
referred to as microtransporter ) and highly selective and change that releases the thrombin - MBA complex from the 
rapid capture of the target thrombin , e . g . , with an effective microengine surface , leaving on the surface only the SH 
discrimination against a large excess of nontarget proteins . PCS . The capture and release capabilities of the new 
Release of the captured thrombin can be triggered by the 20 aptamer - functionalized microshuttles make them extremely 
addition of ATP that can bind and displace the immobilized attractive for developing microchip devices that isolate 
mixed thrombin - ATP aptamer , e . g . , in 20 min . The rapid protein biomarkers from unprocessed samples and perform 
loading and unloading abilities demonstrated by these exem the pick - up , guided transport , and controlled release of 
plary selective microtransporters can be implemented in target biomaterials , in general . 
complex matrixes such as human serum and plasma . The 25 Exemplary reagents and solutions included the following . 
disclosed motion - driven protein isolation platform can be For example , 6 - mercaptohexanol ( MCH ) and sodium 
implemented in a variety of applications , e . g . , bioanalytical cholate ( NaCh ) were acquired from Sigma - Aldrich . Bovine 
chemistry based techniques on active transport of proteins serum albumin ( BSA ) , lysozyme from chicken egg white , 
and diverse diagnostic applications . thrombin from human plasma , human IgG , human serum 

For example , isolation , separation , and purification of 30 ( from human male AB plasma ) , plasma from human , KC1 , 
different proteins and peptides are necessary in bioscience Tris - HC1 , MgCl , , CaC1 , , ammonium sulfate , and NaCl were 
and biotechnology . For example , the selective isolation of acquired from Sigma - Aldrich . Hydrogen peroxide ( 30 % 
proteins from biological samples can be included in the w / w ) was acquired from Fisher Scientific . Streptavidin 
diagnosis and treatment of various diseases . Yet , protein coated fluorescence microspheres ( 210 nm mean diameter 
isolation can be challenging , e . g . , because of the complex 35 CP01F / 8905 , 10 mg of microspheres / mL , 1 % solids w / v ) 
composition of many biological samples . were acquired by Bangs Laboratories Inc . Exemplary 

Examples are described of nano / micromachines - based reagents were used without any further purification . Exem 
techniques for isolating target proteins from complex bio - plary synthetic oligonucleotides used were acquired from 
logical samples , e . g . , without preparatory and washing steps . Integrated DNA Technologies Inc . ( San Diego , Calif . ) . 

For example , a nanomotor - enabled selective protein iso - 40 Exemplary buffer solutions included the following : 50 mM 
lation was implemented by preparing the outer gold surface Tris - HCl containing 140 mM NaCl , 1 mM MgCl2 , 5 mM 
of microtube engines with aptamer receptors . Aptamers are KCl , and 1 mM CaCl2 , PH 7 . 4 ( buffer 1 ) , for TBA binding 
artificially selected , functional oligonucleotides that repre - experiments ; 25 mM Tris - HCI , 300 mM NaCl , pH 8 . 2 
sent attractive affinity reagents for protein isolation . For ( buffer 2 ) , for prehybridization of the SH - PCS with the 
example , aptamers can bind to molecular targets with high 45 MBA ; 25 mM Tris - HCl , 100 mM NaCl , pH 8 . 2 ( buffer 3 ) , 
specificity and affinity and exhibit several advantages over for the MBA binding experiments . Exemplary solutions of 
antibody receptors . This exemplary aptamer microtrans - 2 % ( w / v ) Nach , 0 . 05 um biotinylated detection aptamer 
porter technology is disclosed here , e . g . , by the highly ( B - DA ) , thrombin , and 0 . 02 % ( w / v ) fluorescence particles 
selective thrombin isolation from complex biological fluids were prepared daily in the corresponding buffer solution 
such as serum or plasma . For example , exemplary micro - 50 ( buffer 1 or 3 , depending on the aptamer used for the 
engines were functionalized by the self - assembly of a thio - experiment ) . For isolation experiments from spiked biologi 
lated thrombin aptamer ( SH - TBA ) and mercaptohexanol cal samples ( human serum and plasma ) , the thrombin was 
( MCH ) as “ backfiller ” onto its outer gold surface ( as shown prepared in the appropriate sample ( previously diluted in the 
in FIG . 20 ) . FIG . 20 shows an illustration demonstrating the proper buffer if required ) . Exemplary chemicals were ana 
selective pick - up , transport , and triggered release of target 55 lytical - grade reagents used as received and prepared by 
proteins based on aptamer - modified microengines . Shown in dilution in 18 . 2 M2 cm Milli - Q deionized ( DI ) water when 
panel ( a ) is the exemplary selective pick - up and transport of not otherwise specified . 
a target protein from a raw biological sample by a TBA - Exemplary microtransporters fabrication techniques were 
modified microtransporter . Shown in panel ( b ) is the exem - performed using techniques previously described . A thin 
plary selective loading , transport , and release of the capture 60 ( ~ 60 nm ) gold layer was sputtered onto the rolled - up micro 
protein using a MBA - modified microtransporter . A detailed tubes to facilitate the surface functionalization with the 
structure of the MBA is depicted at the left bottom of FIG . mixed self - assembly monolayer ( SAM ) described herein . 
20 . The controlled modification of the microtransporter For example , prehybridization of the SH - PCS with the MBA 
surface offers remarkable discrimination against a large included the following . For example , a mixture of 1 . 9 uM 
excess of nontarget proteins and , along with the specific 65 SH - PCS and 2 . 2 uM MBA ( in buffer 2 ) was heated and kept 
aptamer recognition , leads to the selective isolation of the at 90° C . for 5 min . The solution was then slowly cooled up 
target protein from complex samples . Exemplary use of to room temperature ( around 30 min ) . The external gold 
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surface of the microtransporters was modified by an over - of fluorescence particles were allowed to react with the 
night immersion in a 10 UMSH - TBA ( in buffer 1 ) or the previous mixture during 10 min each , after which 3 ul of 
SH - PCS / MBA prehybridized solution prepared as specified 0 . 01 M ATP solution was added , and surface coverage was 
in the previous section . For example , after washing with the checked after 20 min . Alternately , 3 uL of 0 . 01 M ATP 
appropriate buffer , the modified microtransporters were 5 solution was first added to the solution , and the microtrans 
post - treated with a 0 . 1 mM MCH solution ( also in the porters were allowed to navigate during 20 min to release the 
corresponding buffer ) for 10 min to obtain the corresponding bound protein . After that , the thrombin that remains attached 
mixed SAMs . Finally , they were washed for 60 s with buffer , to the microtransporters was labeled using the previously 
entirely detached from substrates by carefully scratching described B - DA and the fluorescence particles sequential 
with a micropipette tip , and placed in the corresponding 10 incubation steps , and the surface coverage was then esti 
binding buffer . Exemplary incubation steps were carried out mated . 
at room temperature . The aptamer - functionalized microtransporters can readily 

Exemplary thrombin isolation and detection protocol move around within a biological sample ( containing fuel ) 
involved a sandwich - type assay format in which the throm and can recognize and interact with the target thrombin 
bin is captured between the microtransporter surface - 15 protein ( e . g . , as illustrated in FIG . 20 panel ( a ) ) . For 
chemisorbed capture aptamer ( TBA or MBA ) and the B - DA . example , the target binding event included B - DA that binds 
Once the sandwich is formed the labeling of the B - DA with to subsequently added streptavidin - coated fluorescent nano 
the streptavidin - fluorescence particle tags confirms the pres - particle tags , forming a “ TBA - thrombin - B - DA ” sandwich 
ence of thrombin attached to the aptamer - modified on the moving micro - shuttles . Exemplary implementations 
microtransporters . For example , for isolation of thrombin , a 20 reveal that the incubation of the modified micro - engines in 
mixture of the 3 uL of aptamer - modified microtransporters solutions containing thrombin , the B - DA , and the fluores 
suspension , 2 uL of 2 % ( w / v ) Nach , 1 . 5 uL of 30 % ( w / w ) cent particles can occur separately in a stepwise fashion , to 
H202 , and 3 uL of thrombin solutions ( in the appropriate minimize hindrance of the thrombin recognition event . For 
binding buffer or in the biological sample under study ) was example , FIG . 21 shows an illustration comparing of the 
dropped onto a freshly cleaned glass slide . For example , the 25 isolation efficiency observed when mixing thrombin , B - DA , 
modified microtransporters were allowed to move 10 min in and particles in one step ( shown in panel and image 2101 ) , 
this solution to capture the protein , after which 3 uL of 0 . 05 B - DA and thrombin in one step and adding later the particles 
UM B - DA solution was added , and the modified microtrans - ( shown in panel and image 2102 ) , and thrombin , B - DA and 
porters were allowed to move in this solution for additional particles in a sequential 3 - step procedure ( shown in panel 
10 min . In the last step , for example , a 3 uL of 0 . 02 % ( w / v ) 30 and image 2103 ) . The exemplary number of steps are 
fluorescence particles suspension was added and the indicated as 1 , 2 and 3 . 
microtransporters carrying the affinity complex ( SH - TBA - For example , specific binding can be a requirement for the 
thrombin - B - DA ) were allowed to move randomly in the new aptamer - based nanomotor isolation platform . To evalu 
above solution during the desired time . Exemplary data was ate the binding specificity of the aptamer - modified micro 
recorded and analyzed using equipment and techniques 35 transporters toward the target thrombin protein , various 
previously described . For example , an estimation of the exemplary non - target proteins were used ( at 50 - fold excess ) 
captured affinity complex - tagged particles coverage on the as negative controls . The optical microscope images of FIG . 
microtransporters was obtained by analyzing the corre - 22 can show the high specificity of the dynamic aptamer 
sponding time - lapse images using the ImageJ software . thrombin interaction using different protein solutions . For 

Exemplary implementations evaluating the selectivity 40 example , FIG . 22 shows an image 2201 demonstrating 
data included control experiments were carried using 3 uL of thrombin ( 20 nM ) vs . large ( 50 - fold ) excess of nonspecific 
the corresponding binding buffers ( or samples under study ) proteins ( 1000 nM ) , an image 2202 demonstrating thrombin 
without target protein , or with solutions of nontarget pro - ( 20 nM ) vs . large ( 50 - fold ) excess of BSA ( 1000 nM ) , an 
teins ( BSA , human IgG , and lysozyme ) alone or mixed with image 2203 demonstrating thrombin ( 20 nM ) vs . large 
the target protein , prepared in the corresponding binding 45 ( 50 - fold ) excess of human IgG ( 1000 nM ) , and an image 
buffer . Exemplary procedures were carried out at room 2204 demonstrating thrombin ( 20 nM ) vs . large ( 50 - fold ) 
temperature . excess of lysozyme ( 1000 nM ) . The exemplary modified 

Exemplary fibrinogen was precipitated from plasma ( but microtransporters were navigated for 10 min in solutions 
not from serum ) before the addition of thrombin in the containing either the protein under study or the respective 
preparation of spiked samples . An amount of 250 uL of 50 non - targeting proteins . FIG . 22 also shows an illustration 
plasma was treated with 1250 uL of 2 M ammonium sulfate 2250 depicting the observed selectivity results where only 
and 1000 uL of 0 . 1 M NaCl aqueous solutions . The solution the target protein is captured by the TBA - modified 
was mixed for 3 - 4 min and then centrifuged at 12 , 000 rpm microtransporters . Exemplary fuel conditions included 3 % 
during 4 min . The non - desalted supernatant was spiked with ( w / w ) H202 , 0 . 3 % ( w / v ) NaCh . A substantial coverage of 
the desired thrombin concentration . For example , to test the 55 the microengine surface is observed in the target protein 
performance of the aptamer - based microengines in these solution ( image 2201 ) . In contrast , only negligible binding is 
complex matrixes 100 nM thrombin standard solutions were indicated for the large excess of the nontarget BSA , IgG , and 
added to the untreated serum or pretreated plasma samples , lysozyme ( images 2202 , 2203 , 2204 , and 2205 , respec 
respectively . tively ) . The exemplary data also illustrates the efficient 

Exemplary aliquots of 3 uL of the MBA - modified 60 propulsion of the aptamer - modified microengine ( at a high 
microtransporters suspension , 2 uL of 2 % ( w / v ) Nach , 1 . 50 speed of 125 um / s ) . For example , the capture of the throm 
uL of 30 % ( w / w ) H , 0 , , and 3 uL of 200 nM thrombin bin target also has a negligible effect upon the propulsion 
solutions ( in the appropriate binding buffer ) were dropped efficiency . 
on a freshly cleaned glass slide . The exemplary modified The exemplary utility of the disclosed aptamer - function 
microtransporters were allowed to move 10 min in this 65 alized nano / microengine technology was evaluated , for 
solution to capture the protein , after which two different example , by the ability of the aptamer - modified microtrans 
protocols were tested . On one hand , 3 uL of B - DA and 3 uL porters to recognize the target protein in a complex media , 
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e . g . , such as human serum and plasma samples . FIG . 23 release labeling approach . With the use of this approach , the 
shows exemplary images 2301 , 2302 , 2303 , and 2304 show drop - off of the protein cargo into the solution is clearly 
ing aptamer - modified microtransporters functionality in dif - indicated when comparing the fluorescence coverage 
ferent compositions of these complex biological fluids . FIG . observed after navigation in a buffer solution , with and 
23 shows the TBA - modified microtransporters in 25 % 5 without the ATP trigger molecule . 
human serum solutions spiked with 100 nM thrombin ( im - In another aspect , the disclosed technology can include 
age 2301 ) and without 100 nM thrombin ( image 2303 ) and template - based self - propelled gold / nickel / polyaniline / plati 
in 10 % human plasma solutions pretreated with 100 nM num ( Au / Ni / PANI / Pt ) nano / microtubular engines , function 
thrombin ( image 2302 ) and untreated with 500 nM thrombin alized with the Concanavalin A ( ConA ) lectin bioreceptor . 
( image 2304 ) . For example , the plasma sample was shown 10 Exemplary implementations of the lectin - functionalized 
to lead to a higher bubble size and lower speed due to the nano / microengines were performed and demonstrated rapid , 
presence of coagulation factors and its high viscosity . The real - time isolation of Escherichia coli ( E . coli ) bacteria from 
efficient propulsion of the exemplary modified microtrans - fuel - enhanced environmental , food , and clinical samples . 
porters in these complex biological samples ( with speeds of The exemplary multifunctional lectin - functionalized nano / 
90 and 70 um / s , respectively ) allows for their prolonged 15 microtube engines can combine the selective capture of E . 
movement and direct isolation of thrombin without tedious coli with the uptake of polymeric drug - carrier particles to 
sample processing steps . The exemplary implementation provide motion - based theranostics devices , systems , and 
demonstrated the ability of microengines to efficiently cap - techniques . For example , triggered release of the captured 
ture the target protein from biological samples , e . g . , using b acteria was demonstrated in exemplary implementations by 
25 % diluted human serum ( raw or spiked with thrombin ) 20 movement through a low - pH glycine - based dissociation 
and 10 % plasma samples spiked with thrombin ( with or solution . The smaller size of the exemplary polymer - metal 
without a standardized pretreatment for quantitative fibrino - nano / microengines can offer convenient , direct , and label 
gen precipitation ) . The exemplary data confirms the feasi free optical visualization of the captured bacteria and dis 
bility of the new aptamer - based microtransporters to propel crimination against non - target cells . 
effectively and detect selectively trace levels of proteins in 25 Examples are described of nano / micromachines - based 
complex biological samples , e . g . , human serum and plasma techniques for isolating pathogenic bacteria from peroxide 
samples . fuel containing clinical , environmental , and food samples , 

Exemplary implementations were performed to evaluate involving the movement of lectin - functionalized microen 
ATP - assisted release of the captured thrombin . For example , gines . For example , the disclosed nano / micromachines can 
to facilitate the release of the captured thrombin , the TBA 30 be developed to smaller ( e . g . , 8 um ) and highly efficient 
receptor was replaced with a MBA receptor . For example , nano / microtube engines using mass - produced techniques 
according to its structural design ( bottom left portion of FIG . through an exemplary low - cost membrane template elec 
20 ) , when only thrombin is present in the solution , the trodeposition technique . For example , the exemplary mem 
MBA - modified microtransporters can capture the thrombin brane template electrodeposition technique can fabricate 
and transport it toward the desired site . However , for 35 nano / micromachines capable of speeds ( e . g . , > 300 body 
example , when ATP is present , it can interact with the lengths / s ) and with low fuel requirements ( e . g . , down to 
ATP - binding aptamer portion ( ABA ) , overlapped by the 0 . 2 % ) . 
section of the MBA hybridized to SH - PCS , and draws the Lectins are glycoproteins that can recognize carbohydrate 
thrombin - MBA complex away from the modified constituents of bacterial surface , e . g . , via selective binding 
microtransporter surface . This can leave only the SH - PCS 40 to cell - wall mono - and oligosaccharide components . For 
attached to the microtransporters resulting in the full release example , ConA is a lectin extracted from Canavalia ensi 
of the thrombin - aptamer complex ( as shown in FIG . 20 formis and is a mannose - and glucose - binding protein that is 
panel ( b ) ) . capable of recognizing specific terminal carbohydrates of 

The exemplary implementation included incubatation of Gram - negative bacteria such as the E . coli surface polysac 
the microtransporters ( containing the MBA - thrombin com - 45 charides . 
plex ) in an ATP solution for a fixed time ( e . g . , last step in An image 2501 in FIG . 25A shows exemplary schematic 
FIG . 20 panel ( b ) ) before labeling the attached thrombin illustrations of a nanoscale bacteria isolation technique of 
with the B - DA and the fluorescence particles in the the disclosed technology that utilizes the movement of 
described manner . FIG . 24 shows images 2401 and 2402 ConA - functionalized microengines to scour , interact , and 
showing exemplary data of the MBA - modified microtrans - 50 isolate pathogenic bacteria from distinct complex samples . 
porters after target binding ( e . g . , indicated by the presence of For example , using the described lectin - functionalized nano / 
bound fluorescent particles ) and incubation in a buffer microengines , a bacterial target can be further unloaded 
solution in the absence ( image 2401 ) and in the presence of through controlled release of the captured bacteria from the 
ATP trigger molecule ( 0 . 01 M ) ( image 2402 ) . Exemplary moving synthetic nano / microengine ( as shown in FIG . 25A 
schematic 2411 illustrates an exemplary thrombin target 55 image 2502 ) . The exemplary triggered release can be 
bound to the MBA - modified microtransporter . Exemplary accomplished , e . g . , by using a low - pH glycine solution that 
schematic 2412 illustrates the release of the exemplary is able to dissociate the lectin - bacteria complex ( as shown in 
thrombin target by an ATP trigger molecule . Incubation in image 2502 of FIG . 25B ) . For example , image 2501 exem 
the ATP solution resulted in a very small fluorescence plifies that upon encountering the cells , the ConA - function 
coverage of only 9 % on average compared to the 74 % 60 alized microengines can recognize the E . coli cell walls by 
coverage observed in a control experiment without ATP . O - antigen structure binding , e . g . , allowing for selective 
These exemplary results demonstrate the efficient release of pick - up and transport . The exemplary inset 2503 shown in 
the thrombin - MBA complex after 20 min of movement in FIG . 25A shows an exemplary SEM image of a portion of 
the 0 . 01 M ATP solution . The exemplary implementations a ConA - modified microengine loaded with an E . coli cell . 
demonstrate that the labeling of the captured thrombin ( with 65 The image 2502 shows the release of the capture bacteria , 
the B - DA and fluorescence spheres ) hinders the ATP inter - e . g . , by navigation in a 10 mM glycine solution ( e . g . , pH 
action with the MBA aptamer , thereby requiring a post 2 . 5 ) . For example , the ability of the disclosed nano / micro 
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engines can also simultaneously capture and transport both gines to E . coli , e . g . , in inoculated human urine samples . For 
the target bacteria as well as polymeric drug - carrier spheres , example , these exemplary urine samples were inoculated 
e . g . , using the lectin and magnetic interactions , respectively . with E . coli target bacteria along with a 5 - fold excess of a 
This exemplary dual action , coupling the E . coli isolation control ' bacteria Saccharomyces cerevisiae ( S . cerevisiae ) , 
with “ on - the - spot ” therapeutic action , can be implemented 5 e . g . , a species of yeast frequently responsible for yeast 
as a theranostic tool ( e . g . , “ identify and eradicate ” ) , e . g . , infections and UTIS . FIG . 26 shows exemplary images that 
based on the disclosed abilities of the nano / micromachine demonstrate the selective binding and transport of the rod platforms . shaped ( ~ 2 um length ) gram - negative E . coli bacteria ( delin Exemplary fabrication of the nano / microengines can eated by green dotted circles ) . In contrast , the modified include a template - based electrodeposition of a polyaniline 10 microengine did not capture the round - shaped S . cerevisiae ( PANI ) / Pt bilayer microtube and e - beam vapor deposition of cells ( e . g . , ~ 5 um in diameter ) even when multiple contacts outer Ni / Au layers . For example , the intermediate - outer occur ( delineated by red dotted circles ) , shown in FIG . 26 layer can include nickel , iron , or other magnetic materials in 
the layer to be used for an external steering ( e . g . , by images ( a ) , ( b ) , and ( c ) ) . For example , the distinct size ( ~ 2 
magnetic navigation ) of the self - propelled nano / microen - 15 um vs . 5 um ) and shape ( rod vs . round ) of the target E . coli 
gine . For example , the intermediate - outer layer can include and control S . cerevisiae , respectively , can allow clear 
gold , silver , and other materials for surface functionaliza optical visualization and discrimination between the target 
tion . For example , FIG . 25B show an illustration 2550 that and nontarget cells during the motor navigation . This selec 
demonstrates a functionalization scheme involving the self tive and rapid capture mechanism can be attributed to the 
assembly of alkanethiols and subsequent conjugation of the 20 nearly instantaneous recognition of the sugar moieties on the 
lectin receptor . bacterial cell wall by the lectin - modified microengine , as 

The exemplary template fabrication process can produce , shown in FIG . 26 images ( d ) , ( e ) , and ( f ) . Indeed , the 
for example , 8 um long microtube engines . For example , multivalent binding of ConA to the O - antigen E . coli surface 
relative similar dimensions of the microengine and the target favors strong adhesion of E . coli to the ConA - modified 
bacteria ( e . g . , which can be ~ 2 um longx0 . 5 um in diameter ) 25 microengine surface . 
can permit convenient real - time optical visualization of the The reproducibility of the new motion - based isolation 
isolation process without the need for additional labeling . was investigated by using five different batches of ConA 
For example , by varying the membrane pore size and modified microengines following identical processing steps . 
deposition time , the exemplary microengine ' s aspect ratio The results ( not shown ) demonstrated very small ( ~ 5 % ) 
can be tailored for meeting the needs of specific target 30 differences in the bacteria capture efficiency among different 
bacteria detection paradigms . The template - prepared micro - batches of modified microengines , demonstrating the reli 
engines can be propelled efficiently in different media via the ability of their fabrication , modification , and movement 
expulsion of oxygen bubbles generated from the catalytic processes . While lectin - bacteria binding often requires long 
oxidation of hydrogen peroxide fuel at the inner Pt layer . The ( 30 - 60 min ) incubation times , 30 , 39 the microengine 
high speed of the template - prepared PANI / Pt bilayer micro - 35 induced localized convection appears to dramatically accel 
tube engines can achieve speeds ( e . g . , 300 um / s ) larger than erate the binding process . Short contact times with the target 
those PANI / Pt microtube engines that include the outer bacteria ( on the order of seconds ) are thus sufficient for its 
Ni / Au layers ( e . g . , speeds shown to be ~ 150 um / s in some effective capture . The new microengine platform thus pres 
exemplary implementations ) . ents a unique approach for meeting the need for rapid , direct , 

The exemplary nano / microengine can be functionalized 40 and real time isolation of biological agents . 
for efficient lectin - bacteria interaction and locomotion using The exemplary utility of the disclosed microengine 
an exemplary functionalization technique herein . As illus - approach toward diverse applications was exemplified by 
trated in image 2550 of FIG . 25B , functionalization can be the ability of the lectin - modified microengines to recognize 
accomplished by conjugating the lectin to the outer gold the target bacteria in different fuel - enhanced and E - coli 
surface of the microengines via a self - assembled monolayer 45 inoculated real samples , e . g . , common beverages such as 
( SAM ) . For example , a mixture of 11 - mercatoundecanoic drinking water an juice and environmental matrices such as 
acid ( MUA ) and 6 - mercaptohexanol ( MCH ) can be used to sea water . For example , FIG . 27 shows exemplary images 
create the binary SAM , as shown in schematic 2551 . An that illustrate that the functionalized microengines display 
exemplary 1 - ethyl - 3 - ( 3 - dimethylaminopropyl ) carbodiim - an immediate " on the fly ” E . coli capture upon contacting 
ide ( EDC ) / N - hydroxysuccinimide ( NHS ) chemistry can be 50 the target bacteria in real samples such as drinking water , 
used to activate the MUA carboxyl - terminated groups for juice , and salt water ( e . g . , sea water ) . For example , a 
conjugation with ConA , as shown in schematic 2552 . For successful pick - up rate ( during the first engine - cell contact ) 
example , to promote favorable target accessibility while of nearly 90 % ( n = 50 ) has been observed in the three 
minimizing nonspecific adsorption , the binary SAM can be exemplary tested matrices of FIG . 27 . Overall , the results of 
prepared using alkanethiol concentrations of 0 . 25 mM MUA 55 FIGS . 26 and 27 demonstrate the ability of the modified 
and 0 . 75 mM MCH . For example , relatively low thiol microengines to pick - up bacteria in the presence of diverse 
concentrations can ensure minimal poisoning of the inner conditions , different environments , and matrix effects , e . g . , 
catalytic platinum surface and hence a high catalytic activity . low and high sugar concentrations ( e . g . , such as in drinking 
For example , the exemplary surface modification of the water and apple juice , respectively ) as well as high salt ( e . g . , 
Au / Ni / PANI / Pt microtubular engines can move at a suffi - 60 such as seawater and urine ) environments . 
cient speed ( e . g . , 80 um / s . ) to perform cellular towing tasks . The interaction between the bacterial cell and the ConA 
For example , as shown in schematic 2553 , the lectin recep - modified microengines is not only highly selective but also 
tor was immobilized via NHS / EDC coupling using a binding very robust . For example , a drag force associated with the 
buffer ( BB ) solution containing 9 mg / mL of ConA . This motion of the exemplary modified microengines is sufficient 
exemplary step did not affect the microengine speed . 65 to remove a bacterial cell firmly fixated to the glass slide , 

Exemplary implementations were performed to demon - e . g . , showing a strong lectin / bacteria interaction and the 
strate the specific binding of the ConA - modified microen - high towing capacity of the lectin - modified microengines . 

ses 
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Exemplary implementations were performed to evaluate some examples , a lectin - modified nano / microengine can 

the ability to isolate and unload target bacteria for identify include capabilities for autonomous loading , directional 
ing pathogenic bacteria serotypes . For example , to facilitate transport , and bacterial unloading ( e . g . , catch and release ) , 
the release of the captured bacteria , the loaded ConA as well as their subsequent reuse , e . g . , also including effi 
modified microengines were moved through a low - pH gly - 5 1 5 cient and simultaneous transport of drug nanocarriers . This 

exemplary ability to perform simultaneously bacteria isola cine - based dissociation solution that disrupts the sugar tion and directed drug - delivery can be incorporated in 
lectin complex , e . g . , illustrated in image 2502 of FIG . 25A . miniaturized theranostics microsystems , integrating dual FIG . 28 shows exemplary images demonstrating the lectin capture of target species , and transporting and releasing 
modified microengines before ( image ( a ) ) and after image target species in a controlled fashion within spatially sepa 
( b ) ) 20 min navigation in a dissociation solution . For 10 rated zones . The incorporation of the disclosed microengine 
example , the prolonged continuous movement is observed based bacterial isolation techniques , e . g . , into microchannel 
without replenishing the fuel . The multiple bacteria confined networks , can produce microchip operations involving real 
to the moving microengine are shown to be released from its time isolation of specific bacteria , and subsequent bacteria 
surface after movement in the low - pH glycine - based disso - lysis and unequivocally identification ( e . g . , by 16S rRNA 
ciation solution . For example , the efficient removal of the gene analysis ) , e . g . , down to the single - cell level . Exemplary 
captured bacteria can be attributed to the unfolding of Con applications of the lectin - modified hybrid microengines can 
in this low pH - solution , thereby dissociating the sugar - lectin include food and water safety , infectious disease diagnostics , 
complex and releasing the captured bacteria for subsequent biodefense , and clinical therapy treatments . 
reuse . The exemplary unfolding of the immobilized biore While this patent document contains many specifics , these 
ceptor in this low - pH solution is supported also by the should not be construed as limitations on the scope of any 
inability of the ConA - modified microengines to capture invention or of what may be claimed , but rather as descrip 
target bacteria in this medium while contacting it multiple tions of features that may be specific to particular embodi 
times . ments of particular inventions . Certain features that are 

Exemplary implementations were performed to evaluate described in this patent document in the context of separate 
the feasibility of lectin - modified microengines to perform - - embodiments can also be implemented in combination in a 
multiple tasks . For example , the lectin - modified nano / mi - single embodiment . Conversely , various features that are 
croengines can be combined with exemplary devices and described in the context of a single embodiment can also be 
systems to target bacteria cells , e . g . , with simultaneous implemented in multiple embodiments separately or in any 
transport of common therapeutic polymeric particles . For suitable subcombination . Moreover , although features may 
example , a drug carrier microspheres , poly D , L - lactic - co - be described above as acting in certain combinations and 
glycolic acid ( PLGA ) microparticles , containing magnetic even initially claimed as such , one or more features from a 
iron - oxide nanoparticles , were employed to demonstrate this claimed combination can in some cases be excised from the 
dual capture and transport functionality . For example , FIG . combination , and the claimed combination may be directed 
29 shows exemplary images and an illustration of the dual - to a subcombination or variation of a subcombination . 
capture and transport of E . coli and PLGA drug - carrier > Similarly , while operations are depicted in the drawings in 
particle . Images ( a ) and ( b ) in FIG . 29 shows the ConA a particular order , this should not be understood as requiring 
modified microengine identifying and capturing a noxious that such operations be performed in the particular order 
bacteria ( e . g . , E . coli ) , and images ( c ) and ( d ) show the shown or in sequential order , or that all illustrated operations 
ConA - modified microengine next capturing the magnetic be performed , to achieve desirable results . Moreover , the 
polymeric drug carrier ( along with the E . coli ) and trans - separation of various system components in the embodi 
porting both cargos at the same time . FIG . 29 demonstrates ments described above should not be understood as requir 
the multifunctionality of the modified - microengines for ing such separation in all embodiments . 
applications including disease diagnosis and treatment or Only a few implementations and examples are described 
water and food quality control . and other implementations , enhancements and variations 

Various implementations have been described for exem - * can be made based on what is described and illustrated in 
plary modified template - prepared nano / microengines . In this patent document . 

SEQUENCE LISTING 

< 160 > NUMBER OF SEQ ID NOS : 5 

? 

? 

? 

? 

< 210 > SEQ ID NO 1 
< 211 > LENGTH : 15 

2 > TYPE : DNA 
3 > ORGANISM : Artificial Sequence 

< 220 > FEATURE : 
223 > OTHER INFORMATION : Synthetic oligonucleotide : Thiolated capture 

probe , SHCP 
< 220 > FEATURE : 
221 > NAME / KEY : misc _ feature 

< 222 > LOCATION : ( 1 ) . . ( 1 ) 
< 223 > OTHER INFORMATION : Thiol at 5 ' - end 

? 

< 400 > SEQUENCE : 1 

tattaacttt actcc 15 
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- continued 

52 

< 210 > SEO ID NO 2 
< 211 > LENGTH : 15 
< 212 > TYPE : DNA 

3 > ORGANISM : Artificial Sequence 
< 220 > FEATURE : 
< 223 > OTHER INFORMATION : Synthetic oligonucleotide : Detector probe , 

Biotin - DP 
< 220 > FEATURE : 
< 221 > NAME / KEY : misc _ feature 

22 > LOCATION : ( 15 ) . . ( 15 ) 
< 223 > OTHER INFORMATION : Biotin at 3 ' - end 

< 400 > SEQUENCE : 2 

cttcctcccc gctga 15 

A 

A 

A 

A 

A 

< 210 > SEQ ID NO 3 
< 211 > LENGTH : 30 
< 212 > TYPE : DNA 
< 213 > ORGANISM : Artificial Sequence 
< 220 > FEATURE : 
< 223 > OTHER INFORMATION : Synthetic oligonucleotide : Complementary target 
< 220 > FEATURE : 
< 221 > NAME / KEY : misc _ feature 
22 > LOCATION : ( 1 ) . . ( 1 ) 

< 223 > OTHER INFORMATION : Biotin at 5 ' - end 

A 

A 

A 

A 

A 

< 400 > SEQUENCE : 3 

tcagcgggga ggaagggagt aaagttaata 30 

< 

< 210 > SEQ ID NO 4 
< 211 > LENGTH : 37 
< 212 > TYPE : DNA 
< 2 3 > ORGANISM : Artificial Sequence 
< 220 > FEATURE : 
< 223 > OTHER INFORMATION : Synthetic oligonucleotide : Non - complementary 

sequence , NC 
< 220 > FEATURE : 

1 > NAME / KEY : misc _ feature 
< 222 > LOCATION : ( 1 ) . . ( 1 ) 
< 223 > OTHER INFORMATION : Biotin at 5 ' - end 

< 400 > SEQUENCE : 4 
ctggggtgaa gtcgtaacaa ggtaaccgta ggggaac 37 

? 

< 210 > SEO ID NO 5 
< 211 > LENGTH : 30 
< 212 > TYPE : DNA 

3 > ORGANISM : Artificial Sequence 
< 220 > FEATURE : 
< 223 > OTHER INFORMATION : Synthetic oligonucleotide : 3 - Base mismatched 

sequence , 3 - MM 
< 220 > FEATURE : 
< 221 > NAME / KEY : misc _ feature 
22 > LOCATION : ( 1 ) . . ( 1 ) 

< 223 > OTHER INFORMATION : Biotin at 5 ' - end 
A 

< 400 > SEQUENCE : 5 
30 tcagcgggga ggaagggagt cacgtgaata 

We claim : exiting the tube from the first opening to propel the tube 
1 . A device that self propels in a fuel fluid , comprising : to move in the fuel fluid and an external layer formed 
a tube structured to include a first opening and a second of a material capable of being functionalized ; and opening that are on opposite ends of the tube , and a tube a molecular layer functionalized onto the external layer of body connecting the first and second openings and the tube and structured to attach to a targeted molecule having a cross section spatially reducing in size along in the fuel fluid . 

a longitudinal direction from the first opening to the 2 . The device of claim 1 , wherein the layered wall of the 
second opening , the tube including a layered wall 65 tube further includes a steering structure that interacts with 
which includes an inner layer having a catalyst material an external control to steer a pointing direction of the tube 
that is reactive with a fuel fluid to produce bubbles while being propelled by the bubbles . 
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3 . The device of claim 2 , wherein the steering structure 21 . The device of claim 19 , wherein the tube has a 

includes a magnetic material that interacts with an external diameter of substantially 50 um for the first opening and a 
magnetic field to magnetically steer the pointing direction of diameter of substantially 30 um for the second opening . 
the tube . 22 . The device of claim 19 , wherein the fluid includes at 

4 . The device of claim 1 , wherein the layered wall of the 5 least one of water , juice , humour , bile , blood , cerebrospinal , 
tube includes an intermediate layer on which the external intracellular , extracellular , digestive , lymphatic , mucus , 
layer is formed . peritoneal , pleural , saliva , sebum , semen , sweat , tears , urine , 

5 . The device of claim 4 , wherein the intermediate layer vaginal , or bacteria - containing fluid . 
includes a polymer material . 23 . The device of claim 19 , wherein the fluid includes 

6 . The device of claim 5 , wherein the polymer material is " serum . 
polyaniline . 24 . The device of claim 19 , wherein the fuel includes a 

7 . The device of claim 1 , wherein the catalyst material peroxide . 
includes platinum . 25 . The device of claim 19 , wherein the catalytic material 

8 . The device of claim 1 , wherein the material capable of 5 includes platinum . 
being functionalized includes at least one of gold or silver . 26 . The device of claim 19 , wherein the modifiable 

9 . The device of claim 1 , wherein the molecular layer material includes at least one of gold or silver . 
includes a self - assembled monolayer . 27 . The device of claim 19 , wherein the molecular layer 

10 . The device of claim 1 , wherein the tube has a diameter includes a self - assembled monolayer . 
between 280 nm to 1 mm . 20 28 . The device of claim 19 , wherein the tube further 

11 . The device of claim 1 , wherein the tube has a diameter comprises an intermediate material between the inner layer 
of substantially 50 um for the first opening and a diameter and the outer layer . 
of substantially 30 um for the second opening . 29 . The device of claim 28 , wherein the intermediate 

12 . The device of claim 1 , wherein the fuel fluid includes material is a magnetic material that enables magnetically 
at least one of water , juice , humour , bile , blood , cerebrospi - 25 controlled steering of the tube . 
nal , intracellular , extracellular , digestive , lymphatic , mucus , 30 . The device of claim 29 , wherein the magnetic material 
peritoneal , pleural , saliva , sebum , semen , sweat , tears , urine , includes at least one of nickel or iron . 
vaginal , or bacteria - containing fluid . 31 . The device of claim 19 , wherein the ligand molecule 

13 . The device of claim 1 , wherein the molecular layer is an antibody and the receptor site is in an antigen having 
includes a ligand molecule having an affinity to the targeted 30 the binding affinity to the antibody , the antigen located on a 
molecule . tumor cell that attaches to the tube at the ligand molecule . 

14 . The device of claim 13 , wherein the ligand molecule 32 . The device of claim 19 , wherein the ligand molecule 
is an antibody and the targeted molecule includes an antigen is at least one of a single - stranded oligonucleotide , aptamer , 
having a binding affinity to the antibody , the antigen located lectin , or peptide . 
on a tumor cell that attaches to the tube at the ligand 35 33 . The device of claim 19 , wherein the ligand molecule 
molecule . is a single - stranded oligonucleotide having an affinity to a 

15 . The device of claim 13 , wherein the ligand molecule complimentary binding site of a target nucleic acid . 
is at least one of a single - stranded oligonucleotide , aptamer , 34 . The device of claim 19 , wherein the ligand molecule 
lectin , or peptide . is an aptamer having an affinity to a protein - based molecule . 

16 . The device of claim 13 , wherein the ligand molecule 40 35 . The device of claim 19 , wherein the ligand molecule 
is a single - stranded oligonucleotide having an affinity to a is a lectin having an affinity to a receptor site of a bacteria 
complimentary binding site of a target nucleic acid . 

17 . The device of claim 13 , wherein the ligand molecule 36 . A method of using a tube to collect a target substance 
is an aptamer having an affinity to a protein - based molecule . in a fluid , comprising : 

18 . The device of claim 13 , wherein the ligand molecule 45 providing a catalyst material that is reactive to a fuel fluid 
is a lectin having an affinity to a receptor site of a bacteria on an inner wall of a tube to generate bubbles that 
cell . propel the tube in the fuel fluid , wherein the tube 

19 . A device for transporting a target substance in a fluid , includes two or more layers with a first opening having 
comprising : a smaller diameter than a second opening of the tube ; 

a tube formed of two or more layers with a first opening 50 and 
having a smaller diameter than a second opening of the using a molecular layer on an external surface of the tube 
tube , wherein the two or more layers include an outer to selectively collect a target substance in the fuel fluid . 
layer having a modifiable material capable of being 37 . The method of claim 36 , wherein the tube has a 
functionalized ; and diameter between 280 nm to 1 mm . 

a molecular layer formed on the modifiable material and 55 38 . The method of claim 36 , wherein the tube has a 
including a ligand molecule , the molecular layer struc - diameter of substantially 50 um for the second opening and 
tured to attach a target substance having a receptor site a diameter of substantially 30 um for the first opening . 
with a binding affinity to the ligand molecule , 39 . The method of claim 36 , wherein the fuel fluid 

wherein the two or more layers include an inner layer includes a plurality of the target substance and a plurality of 
including a catalytic material that reacts with a fuel in 60 a non - target substance . 
a fluid to produce bubbles exiting the tube from the 40 . The method of claim 36 , wherein the target substance 
second opening to propel the tube to move in the fluid , includes at least one of cancer cells , bacterial cells , nucleic 
the tube attaching the target substance during move - acids , or protein antigens . 
ment at a first location in the fluid and transporting the 41 . The method of claim 36 , further comprising : 
target substance to a second location in the fluid . 65 guiding the tube with an external control to steer a 

20 . The device of claim 19 , wherein the tube has a pointing direction of the tube while being propelled by 
diameter between 280 nm to 1 mm . the bubbles . 

cell . 
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42 . The method of claim 41 , wherein the external control 
includes an external magnetic field to magnetically steer the 
pointing direction of the tube . 
43 . The method of claim 36 , wherein the target substance 

in the fuel fluid is contained in a sample reservoir that is 5 
connected to a channel that connects the sample reservoir to 
a clean reservoir . 

44 . The method of claim 43 , further comprising : 
transporting the tube having the collected target substance 

from the sample reservoir to the clean reservoir . 10 
45 . The method of claim 44 , further comprising : 
releasing the collected target substance from the tube into 

the fuel fluid within the clean reservoir . 
46 . The method of claim 45 , wherein the sample reservoir , 

the channel , and the clean reservoir is contained on a 15 
lab - on - a - chip system . 

47 . The method of claim 46 , wherein the lab - on - a - chip 
system comprises at least one of fluorescence microscopy 
operable to conduct polymer chain reaction ( PCR ) , gel 
electrophoresis , or genetic sequencing . 20 

* * * * 


